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ABSTRACT

The role of niche assembly processes in shapiolpgical communities is a subject of
great interest to ecologists, especially in spatgscommunities such as tropical forests, as
niche processes may play an important part in beydity maintenance. An important part of the
environmental niche for tropical tree species &rthpecialization for particular soil resource
conditions. My dissertation research examines dilegessource and topographic niches of
tropical forest tree species and how they affezall¢< 1 km) tree community structure. This
research draws upon data from eight large (24-%@tpical forest plots located around the
globe, for which all trees > 1 cm in diameter hbeen mapped. Additionally, topographic
variation has been mapped within these plots ars# Idata from a recent, extensive soil
sampling effort that mapped the small-scale hetareigy in many soil variables (including P,
Ca, Mg, K, Mn, Al, and pH) within these plots. Piays research using these data has
demonstrated that many tree species are non-ragabsttibuted with respect to soil resource
and topographic variation, indicating that locaddscsoil resource specialization is common and
widespread for tropical trees.

| use a variety of multivariate techniques to irtigege whether the soil resource and
topographic niches of individual tree species haygortant emergent effects at the community
level. | demonstrate that environmental variat®often a strong driver of variation in
community composition within these forest plotaldo relate the soil resource and topographic
niches of species to their evolutionary relatiopskand show that closely related species often
have more similar habitat niches than distantiredat The combined effects of habitat
heterogeneity on community structure and phylogemsggnal in habitat niches create

communities where soil resource and topographi@atian affects the overall phylogenetic



structure of the community. Furthermore, | exanarmmssible mechanism for the controls of soil
resources on spatial variation in leaf chemistnyinaportant component of ecosystem
biogeochemical cycling. | find that leaf nutriembfiles are highly conserved within a species
and thus | predict that soil resources are likelinfluence community-level variation in leaf
chemistry through their effects on species commositather than by intraspecific responses to
soil nutrients. Overall, my dissertation has helfeceveal and explain local-scale environmental
controls on community structure and to clarify likeontrols of soil resources on spatial

variation in ecosystem biogeochemistry.
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CHAPTER 1: INTRODUCTION

A major unresolved question in ecology is how egual niches influence community
structure. An understanding of ecological nicheseisded, especially in highly species diverse
communities such as tropical forests, because egesiological niches lie at the heart of many
putative explanations for species coexistence adiversity maintenance. These theories
revolve around the idea that niche partitioning rfeejlitate species coexistence by reducing
interspecific competition (Hutchinson 1959, Tilme®82, Chesson 2000). For plants, soll
resources are likely to be an important part ofeb@ogical niche. Previous work has shown that
soil nutrient availability influences the local-gealistributions ot. 30-40% of tropical tree
species in three neotropical forest plots (Johal.€2007). This indicates that tropical tree specie
have specific soil resource niches and that niergtipning along soil resource axes may play
an important role in shaping tropical forest commustructure at the local scale.

In contrast to theories of coexistence that aredbapon species niche differentiation,
neutral theory (Hubbell 2001) proposes that spesrie®cologically equivalent. Ecological
equivalency means that species in the same trégyet are demographically identical; that is,
they have similar birth, death, and speciations;aed similar dispersal capabilities. It is a well
known fact that species differences exist, butnaétiteory asks whether this simplified model is
sufficient to explain patterns of community assgmblnature. In the neutral model,
communities are assembled via stochastic dispevesits and community species richness is a
product of random local extinction and migratioonfr the outside regional species pool. To
refute neutral theory, it is not enough to showt #pecies are ecologically non-equivalent, or
that they exhibit differences in their environmémighes (e.g. Harms et al. 2001, John et al.

2007). One must show that species’ environmentdles are important for community



assembly. This may be tested by examining how enmental heterogeneity influences overall
community structure within these tropical foresintounities. Beyond neutral theory, it is
crucial to understand how tree species’ soil resduaiches impact tree community structure in
order to better understand the factors that shaperainity assembly and local-scale patterns of
biodiversity.

The main focus of my dissertation is on the infleeenf local-scale environmental
heterogeneity on overall community structure. Thalgses for my dissertation draw upon data
from eight long-term tropical forest plots locata@und the world from the Center for Tropical
Forest Science (CTFS) network. At each of thess gissential plant nutrients (including N, P,
Ca, Mg, K) and topography have been intensivelypedpmnd individual trees have been
mapped and identified to species. The CTFS dasa eattaining information on over 1.5
million individual trees, offer an extraordinarypptunity to explore local-scale soil resource
niches and how soil resource variation affectssthnecture of these tropical forest communities.

In the second chapter | explore how the effectsodfresources and topography on the
distributions of individual species scale up to ¢benmunity level. | examine whether soil
resources and topography influence overall commistiticture by examining how variation in
these environmental factors influences beta ditygrsi how community composition changes
across space. Using variation partitioning witharaoal redundancy analysis, | partitioned total
community compositional variation (a form of betaausity; Legendre et al. 2005) into fractions
explained by spatial, soil, and topographic vagabl found that soil resources and topography
both exhibited strong and roughly equal influenoeshe overall tree community structure. At
the same time, there is a large portion of vanmatiat is spatially structured yet unexplained by
environmental factors, which indicates an importafe for limited dispersal and unmeasured

environmental variables in shaping community streest Furthermore, | mapped overall



community structure within these forests by dispigythe multivariate dispersion of the tree
community as an RGB image. The results of thisyammbdemonstrate that local-scale variation
in community composition is strongly driven by \&ion in soil resources and topography
within many tropical forest communities.

The third chapter asks whether tree species thaalutionarily more closely related
have more similar habitat niches. | calculatedrtiche overlap (a value that indicates the
similarity of two species’ environmental niches) &l pairwise combinations of co-occurring
tree species along soil resource and topograpleis. &hese niche overlap values were compared
with the taxonomic relatedness among species.ridabat species belonging to the same genus
had significantly higher niche overlap than motattly related species pairs along at least one
axis in five study sites. However, a similar effees not found at the family level, indicating
that similarities in habitat niches may be restdcto the level of congeners. The results indicate
that tree species’ local habitat niches exhibitlpignetic signal (i.e., close relatives are more
ecologically similar) and they have implications fbe overall structure of tropical tree
communities in terms of how closely related spearesdistributed in space with respect to one
another, a subject that is addressed in the faindpter.

The fourth chapter explores how the phylogenetiecttire of these tropical forest
communities is affected by the interaction of sedource niches and phylogenetic signal in soil
resource niches of trees. Because soil resourbesiire known to affect the compositional
structure of these forests, and these soil resouctes may exhibit phylogenetic signal, it is
reasonable to expect that soil resource variatiay affect the phylogenetic structure of these
communities. Using composite phylogenetic treesdparoximate the evolutionary relatedness
of the species in the forest plots, | examined kaviation in soil resources and topography

affect phylogenetic community structure. | examipéglogenetic community structure using a



newly derived metric called phylogenetic beta dsitgr(Graham & Fine 2008), which measures
how the evolutionary relatedness of the tree conityjehanges across space. | found that soil
resource variation explained a significant portadthe phylogenetic structure of a community.
Furthermore, | found that these effects were gdiyearalependent of geographic distance. This
means that areas that share a more similar seienutomposition tend to contain more
phylogenetically similar tree communities.

The fifth chapter examines how leaf nutrient conicions, indicating the nutrient
composition of the plant, are related to availaa# nutrients within a species. Previous
biogeochemical work in the tropics has indicated@anection between soil nutrient availability
and leaf chemistry at the ecosystem scale (e.g.rbtidy et al. 2004, Townsend et al. 2007,
Asner et al. 2010); however, variation in leaf cistng may be caused by turnover in species
composition along soil nutrient gradients, or blyaspecific responses to soil nutrient
availability. | conducted extensive within-specsasnpling of 15 tree species along gradients of
key soil nutrients in the 50-ha plot of Barro Caldo Island, Panama. | found species’ leaf
nutrient profiles are highly constrained, and teat chemistry was generally not correlated with
soil nutrient availability within a species. My tats indicate that ecosystem-level variation in
leaf nutrients along soil nutrient gradients i€likto be more strongly driven by species
composition than by intraspecific responses toragitient gradients.

Understanding the role of ecological niches in gigpmergent community properties
such as community structure, phylogenetic structamd variation in ecosystem biogeochemical
processes is central to the study of ecology. iffii@mation is crucial to our understanding of
how communities are assembled, how biodiversistrisctured across space, and for making
predictions of how communities may respond to cirangnvironmental conditions. Previous

work in tropical forests has focused primarily ogetspecies’ light and water requirements,
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while soil resource niches have received far |&enton. The previous work that has been done
on the effects of soil resources in tropical fasdsis mainly focused on large-scale, landscape
and regional patterns. The work of John et al. 20@as among the first to indicate that soil
resource heterogeneity influences species distoibsiait the local-scale. My work is the first to
take these observations from the species- to thmeoity-level, and to place these observations
in an evolutionary context. Furthermore, using ergiplicate study sites | examine these issues
on an unprecedented scale, allowing me to makeqgacal generalizations. Further, | examine
a possible mechanism which may control ecosystewi-lariation in leaf chemistry, which may
have important implications for understanding hgatgl variation in biogeochemical processes

is driven by soil resource variation.



CHAPTER 2: SOIL RESOURCES AND TOPOGRAPHY SHAPE LOCARREE
COMMUNITY STRUCTURE OF TROPICAL FORESTS

ABSTRACT

Both habitat partitioning and dispersal limitatiofiluence the compositional structure of
forest communities, but little is known about tle&tive contributions of these two processes, or
the roles of different types of environmental vaoa. | used variation partitioning based on
canonical redundancy analysis to decompose comyncmihpositional variation within eight
large (24-50 ha) tropical forest plots into fraoBcexplained by spatial, soil resource, and
topographic variables. All environmental variabiegether explained 13-39% of compositional
variation within a plot, with both soil resourcasdaopography accounting for significant and
approximately equal variation (9-34% and 5-29%peesively). Additionally, a large fraction of
variation (19-37%) was spatially structured yetxplained by the environment, suggesting an
important role for dispersal processes. My resilltstrated using a new graphical depiction of
community structure within these plots, demonsttiaéeimportance of small-scale
environmental variation in shaping local commusitiucture in diverse tropical forests around

the globe.

INTRODUCTION

A major challenge for community ecology is to urelend the importance of niche-
assembly processes in shaping community structiis.is of particular interest in species rich
communities such as tropical forests, because mahéioning is thought to facilitate species
coexistence and may therefore play an importaetirobiodiversity maintenance (Chesson
2000, Chave et al. 2002). Evidence for the roleaifitat partitioning among tropical forest tree

species has been found from local to landscapesaahd comes from observed non-random



associations between species distributions anad@nviental variables and observations of
species turnover along environmental gradientsrk@&aal. 1998, Harms et al. 2001, Potts et al.
2002, Phillips et al. 2003, Valencia et al. 2004#geFet al. 2005, Paoli et al. 2006, John et al.
2007). However, at local scales (<1%nimited dispersal also plays an important role i
determining species distributions, resulting inragated seedling and adult populations (Condit
et al. 2000, Plotkin et al. 2000, Dalling et al02p Disentangling the relative importance of
niche and dispersal mechanisms to local commutriigtsire is problematic because both
contribute to spatial autocorrelation in speciemgosition at this scale. Dispersal processes lead
to spatially aggregated species distributions #retefore, spatially structured communities.
Additionally, habitat partitioning leads to spat@mmmunity structure due to the high spatial
autocorrelation of environmental variables.

Despite substantial evidence for the importanceidfe partitioning in structuring
communities, surprisingly little is known about tieative influence of different environmental
factors. At local scales, evidence for niche parting has been based mostly on topographic
variation (Harms et al. 2001, Potts et al. 2002ekeaia et al. 2004, Gunatilleke et al. 2006,
Legendre et al. 2009, Chuyong et al. 2011), asgigphy is relatively easily measured and acts
as a useful proxy for habitat heterogeneity bec#@usfiuences both water availability and soll
biogeochemical processes. However, recently crdateescale soil resource maps for several
tropical forest dynamics plots greatly enhanceathiéty to directly examine the effects of
resource variation on tropical forest communityesture. In a previous analysis using these soill
maps at three neotropical forest plots, John €2807) found that. 30-40% of tree species
were non-randomly distributed with respect to satirient variation. While these results indicate
that soil resource variation influences many indiinl species, the community-level effects of

soil resource variation have not yet been examaxgensively, nor has any study combined soll



resource and topographic data to examine theitivelaontributions to local community
structure.

Variation partitioning (Borcard et al. 1992, Bord& Legendre 1994) via canonical
redundancy analysis (RDA; Rao 1964) provides ongtevassess the relative importance of
habitat niche and dispersal-assembly processes different sets of environmental variables on
community structure. With variation partitioninggttotal variation in community composition
within a study area (an expression of the betarsiityeof the area (Legendre et al. 2005,
Anderson et al. 2011) may be decomposed into tmastexplained by different sets of variables
(see Fig. 1 in 20). To address the relative coatigm of habitat niche and dispersal processes,
the geographic coordinates of the sampling siteslmeaused to derive a set of spatial variables
(Borcard & Legendre 2002), and when paired withimmental variables, compositional
variation can be partitioned into fractions expéarby pure spatial variation, pure environmental
variation, spatially structured environmental vaoia, and the unexplained remainder (Legendre
et al. 2005). The component of compositional vamathat is explained by environmental
variables (the pure environmental plus the spgt&thuctured environmental component) is
generally interpreted as resulting from speciepalses to measured environmental variation,
whereas the component explained by pure spatidtiar is thought to result from the influence
of dispersal processes and species responses tagarad environmental variation (Legendre et
al. 2005, Legendre et al. 2009, Anderson et al1p01

My analysis combines detailed data on both topdgcagnd soil resource variation for
eight tropical forest plots that range from 24-80im size (Table 2.1), span a number of
biogeographic regions, and vary in soil fertilitydaprecipitation regime (from continuously wet
to seasonally dry). Here | assess the relativeanite of small-scale environmental variation and

dispersal processes on tree community structurgyuke variation partitioning approach. |



further decompose the influence of environmentabtan into the contributions of soil
resource and topographic variation. These anabtgeaccompanied by among-plot comparisons
that examine the role of topographic heterogeraityhe importance of topography, and the
relationship between the inferred importance ohaiand dispersal processes and plot diversity.
Based on previous analyses (Harms et al. 2001s Bo#l. 2002, Valencia et al. 2004,
Gunatilleke et al. 2006, Legendre et al. 2009, ©hgyet al. 2011), | predicted that topographic
variables would have an important effect on comityuromposition, although the magnitude
was expected to be positively related to the amofitdpographic heterogeneity present. |
expected soil resource variables to exert an exestgy influence on community structure
because they provide a more direct measure ofriatttat influence plant growth and survival.
To visualize compositional variation within a stuglie | adapted a technique from landscape
and regional mapping where an ordination of comiywomposition is converted into an RGB
image (Thessler et al. 2005). | use these “betarslity” maps to inform my interpretation of the
variation partitioning results and illustrate thatal habitat heterogeneity may be more important

to tropical forest community structure than comnyaagsumed.

METHODS
Sudy sites and environmental data

The data come from eight long-term tropical foistamics plots of the Center for
Tropical Forest Science (CTFS) network: Barro Cadlar Island (BCI), Panama; Huai Kha
Khaeng and Khao Chong, Thailand; Korup, CameroarPlanada, Colombia; Pasoh,
Peninsular Malaysia; Sinharaja, Sri Lanka; and Yigdtcuador. Within each plot, all free-

standing trees larger than 1 cm dbh have been rdapsantified to species, and measured for



dbh according to a standard protocol (Condit 1988prmation on plot size as well as
vegetation and soil characteristics of the plogzrésented in Table 2.1.

Topographic variables consisted of elevation, slopavexity (the relative elevation of a
guadrat with respect to its immediate neighbonsjl, aspect. Throughout each plot, elevation
was recorded at the intersections of a 20 x 20idhagrd used to calculate topographic variables
at the 20 x 20 m quadrat scale. Mean elevationoaksilated as the mean of the elevation
measurements at the four corners of a quadrateSWag calculated as the average slope of the
four planes formed by connecting three cornersafadrat at a time. Convexity was the
elevation of a quadrat minus the average elevati@il immediate neighbor quadrats. Finally,
aspect was the direction of the steepest slopegabdrat, calculated in ArcMap 9.3
(Www.esri.com).

Soil samples were collected throughout each ptalyaed, and the variables were kriged
using comparable methods (John et al. 2007). |h staaly site soil samples were taken at the
intersections of a 40 or 50 m grid across the sardg, with additional samples taken near
alternate grid points to estimate fine scale vinmain soil variables. The first 10 cm of topsoil
was sampled, excluding the top organic horizon.-Nisogen elements were extracted with
Mehlich-IIl solution and analyzed on an atomic estoa-inductively coupled plasma (AE-ICP,
Perkin Elmer Inc., Massachusetts, USA), with theegtion of phosphorus at the Yasuni study
site, which was extracted with Bray extract solot@mnd analyzed by automated colorimetry on a
Quickchem 8500 Flow Injection Analyzer (Hach Lidglorado, USA). For the three neotropical
study sites (BCI, La Planada, and Yasuni) an estirobthein situ N-mineralization rate was
taken at each sample location by measuring nitrbgéore and after a 28 day incubation period.
Nitrogen was extracted as NHand NQ with 2M KCI and analyzed with an auto analyzer (Ol

FS 3000, Ol Analytical, Texas, USA). Sample valwese kriged to obtain estimated
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concentrations of soil nutrients at the 20 x 20uadyat scale. The set of soil variables for each
study site contained 6-12 variables, generallyuiclg Al, Ca, K, Mg, Mn, P, and pH, but

where available also included the N-mineralizatiate, B, Cu, Fe, and Zn (Table 2.1).

Partitioning beta diversity

Spatial patterns in community compositional vadiativere modeled with principal
components of neighbor matrices (PCNM) accordintpéomethods described in Borcard &
Legendre (2002). PCNM is a powerful technique ihaile to model spatial structure in a data
set at any spatial scale that can be resolvedégampling design (here, the 20 x 20 m spatial
resolution) (Borcard & Legendre 2002, Borcard eR@D4, Dray et al. 2006). To calculate
PCNM eigenfunctions, a truncated geographic distanatrix was produced for all 20 x 20 m
guadrats in a study site. In this matrix, neighbgmuadrats were determined using the queen
criterion of contiguity (i.e., each quadrat hasaight neighbors). The geographic distance
between neighbors was retained, but the distaret@gebn all non-neighbor quadrats was
replaced with a value of four times the distandsvben diagonally contiguous quadrats. A
principal coordinates analysis was then perfornmethes truncated geographic distance matrix,
and all eigenfunctions with positive eigenvaluesevetained. These PCNM eigenfunctions
made up the set of spatial variables used to nemglal structure in the community data.

| used canonical redundancy analysis (RDA; Rao 16partition the total
compositional variation in a community into portsoexplained by spatial and environmental
variables at the 20 x 20 m scale. Before perforrtinegRDA, | expanded the set of
environmental variables according to the methodegfendre et al. (2009) to increase model
flexibility and to facilitate comparison among siesl | added to the set of environmental

variables the squared and cubed values of eachblariwith the exception of aspect. I included
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the sine and cosine of aspect as the only aspgabies. This created a set of 11 topographic
variables and 18-36 soil variables for each stuigy s

First, | partitioned the variation in community cpasition within each plot into fractions
explained by environmental and spatial variablesntthe proportion of variation explained by
environmental variation was partitioned betweerogppphic and soil variables. This
decomposition was performed in two steps to simtiferpretation. The sets of soil and
topographic variables were then separately sulgjegotéorward selection; note that the use of
forward selection obviates the statistical sigaifice of both the soil and topographic variable
sets in explaining compositional variation at estthdy site. Variation partitioning with RDA
and forward selection were performed using theane@nd ‘packfor’ packages in R,
respectively.

To check the robustness of my variation partitigmesults to the type of canonical
analysis used, | repeated the variation partitigrinalysis with a distance-based RDA
(Legendre & Anderson 1999), based on square-ranstormed Bray-Curtis distances among
guadrats. Fractions of explained variation fromdh#inary RDA were compared to those from
the distance-based RDA. | also checked my resoiiteobustness to plot size. Larger plots may
be expected to have a higher beta diversity duleet@pecies-area relationship, and they may
encompass greater environmental variation. Fofivke50-ha plots, | compared the variation
partitioning results with those obtained from theio 25-ha plot halves. Methodological details,
results, and discussion of these analyses arerppeesmn Appendix A. The relative sizes of the
variation fractions were found to be robust totiype of canonical analysis used and to
differences in plot size; therefore, only the réesof the ordinary RDA for original plot sizes are

discussed here.
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Topographic heterogeneity

| tested whether the effect of topography was eeléb the topographic heterogeneity of
a site by correlating the elevational range ofd (dalculated as the highest elevation minus the
lowest within the plot; Table 2.1) with the proport of variation explained by topographic
variables. The results for the Gutianshan CTFSfpboh Legendre et al. (2009) were added to
this analysis, for a total sample size of nineglét similar investigation of the effects of soil
resource heterogeneity is not attempted here, glifearences in the soil resource variables
included for each site and the interacting effetsoil resource abundance, heterogeneity, and

ratios.

Plot diversity

To test whether the importance of niche or dispgnszesses explain among-plot
diversity patterns, | tested for correlations betwéhe sizes of four of the variation fractions and
plot species richness and overall beta diversiapl(@ 2.1). The variation fractions used were the
total explained, representing niche plus dispgeatesses; environmental, representing habitat
niche partitioning; topographic, representing retlaiche partitioning with uniform data across
study sites; and pure spatial, representing digpeFbe overall beta diversity of a plot was
calculated as the multiplicative partition of gamdieersity by alpha diversity3(= 1-a /vy;
Whittaker 1960, Tuomisto 2010). Heteis the mean 20 x 20 m quadrat species richnesg iand

the plot species richness.

Beta diversity maps
To produce a map of community structure withinuadgtsite | first calculated the Bray-

Curtis distances among all 20 x 20 m quadrats wahstudy site, then this distance matrix was
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subjected to non-metric multidimensional scalinglmee ordination axes. Each quadrat’s
position in three dimensional ordination space thags translated into an RGB color by
assigning quadrat positions on ordination axesah®3 to intensities of red, green, and blue,
respectively (Thessler et al. 2005). | applieddame translation from axis position to color
intensity to all axes simultaneously so that theatn shown by each of the colors is
proportional to the variation explained by its esjive axis. The red, green, and blue
components of each quadrat were combined to cR@i colors that were then mapped. This
method of mapping community structure displayseatgr portion of community variation than

possible by displaying one species or ordinatias aka time.

RESULTS
Niche and dispersal assembly

The ability to explain local tree community struetwaried markedly among sites. Total
explained variation, from environmental and spataiables together, ranged from 32% at La
Planada to 74% at Korup and Sinharaja (table A&)pss study sites, nearly all of the total
explained variation was accounted for by the spa#iaables, resulting in a lack of pure
environmental variation. The proportion of variatiexplained by environmental variables also
varied widely from site to site, from as little 8% at La Planada to as much as 39% at Khao
Chong (table 2.2). The proportion of variation expéd by spatial variables alone (after
controlling for the effect of environmental var@t) ranged from 19-37%, similar in magnitude

to the variation explained by environmental varsbl
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Soil resource and topographic effects

The sets of soil and topographic variables eacla@en a statistically significant
proportion of compositional variation at every stite. Soil variables explained more variation
than topographic variables in seven of the eigidyssites (table 2.3). However, there were
generally 2-3 times as many soil variables incluetthe analysis as topographic variables. |
therefore compared the variation explained amoigad topographic variables, controlling for
the number of variables included from a forwareegbn of variables (table 2.3). Viewing the
contributions of soil and topographic variableshis way, | found that three study sites (Huai
Kha Khaeng, Korup, and Sinharaja) had a greatgygotion of variation explained by
topographic variables than soil variables. Addisiby) the variation explained by the first
(explaining the greatest amount of variation) aoidl first topographic variables were similar,
indicating that the primary topographic variabl@ssimportant as the primary soil variable in

explaining community structure across study sifigsife A.1).

Among-plot comparisons

When the elevational range of a plot was usedpexy for topographic heterogeneity |
found a weak positive relationship with the amoaintariation explained by topography (figure
2.1). However, this relationship was not statislycsignificant at the traditional 0.0blevel
(Pearson’s r = 0.64, P = 0.065), an unsurprisisgltgiven the small sample size.

None of the fractions of explained variation testadluding total explained,
environmental, topographic, and pure spatial, welaed to the species richness of the plot or to

the overall beta diversity of a plot.
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Beta Diversity Maps

Maps of plot beta diversity are presented alongsitgeelevation maps in figure 2.2. In
the beta diversity maps, quadrats of similar cotmtain similar tree communities (lower Bray-
Curtis dissimilarity), providing a visual interpagion of both the turnover between any two
guadrats within a study site and the total varratrtocommunity composition. The maps for
Korup and Sinharaja (figure 2.2A, 2.2F), where 7@dfhe variation in community composition
is explained by environmental and spatial varialdésarly show far more spatial structure than
the La Planada map (figure 2.2E), where only 32%goifation is explained. These maps also
reveal community responses to certain environmdegalires, such as the stream bed running
east to west across the Pasoh study site (fig@@)and the swamp located near the center of

the Barro Colorado Island study site (figure 2A;ffure 1 in Harms et al. 2001).

DISCUSSION

My analysis illustrates the importance of previgushmeasured environmental variation
in contributing to compositional variation in tropl forests. The inclusion of soil resource data
for these plots elevates the inferred importandeadiitat niche partitioning and decreases the
inferred importance of dispersal processes comparad analysis using only topographic data
(as seen by variation explained by soil resourftes @pography has been taken into account;
table 2.3). It is almost certain that there id stipbortant unmeasured environmental variation
(i.e., light, soil moisture and drainage) that cimites to the community structure of these
forests. However, the data for any one study séeaenong the most complete environmental
datasets for any tropical forest community.

The considerable explanatory power of both puréand environmental variation

suggests an important role for dispersal assembhgaide habitat niche processes in shaping
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community structure in these forests. However rpregation of the relative roles of niche and
dispersal processes is complicated by the factliegpurely spatial fraction of compositional
variation is attributed to the effects of dispesdembly and species responses to unmeasured
environmental variation. Additionally, some impartainmeasured environmental variables may
exhibit spatial structure that is not capturedhmsy20 x 20 m resolution of my study design, such
as light availability which may vary more dramatigaver smaller spatial and temporal scales
than topography and soil resource availability.cg@eresponses to such environmental variables
are likely to contribute to the unexplained portafrcompositional variation. Moreover, some of
the variation explained by the environment may d&a@unded with species spatial aggregation
due to dispersal processes (Anderson et al. 2011).

The spatial resolution of my analysis is also exgeto affect the balance between the
proportion of variation explained by environmeraat pure spatial variation (Legendre et al.
2009), and thus the inferred relative importanchatfitat niche and dispersal assembly
processes. As the spatial resolution of the armabjstreases (or quadrat size becomes larger),
smaller-scale dispersal effects and environmemt#Erbgeneity are smoothed over, causing the
explanatory power of the environment to increassgéndre et al. 2009). For this analysis, |
chose the 20 x 20 m resolution because this quaabest represents soil resource variation as
measured by the sampling scheme, and it is the stabhich elevation was measured.
Therefore, the size of the fractions of composdiorariation that are explained by
environmental and pure spatial variation are spetfthe 20 x 20 m resolution of this analysis.

This study is the first to combine and examinertiative contributions of soil resource
variation and topography to community structurenmitany of these study sites. Although soail
resources explained more variation in community pasition than topography, | found rather

similar contributions of soil resource and topodpiagactors when variable number was taken
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into account. Furthermore, the primary topograg@imd primary soil resource variables
explained very similar amounts of variation. Theajer amount of variation explained by soil
resources is therefore likely caused by the higiveensionality of soil chemical variation.
Neither effect was entirely nested within the otledicating that both soil resources and
topography independently influence community stricesin a wide variety of tropical forest
communities.

The beta diversity maps | generated help informintexpretation of my variation
partitioning results. From these maps one cantsgidhie topographic signature on community
structure is strong at many of the sites even thahg set of topographic variables always
accounts for less than 30% of compositional vamatfigure 2.2). The variable selection
procedure identified slope as the most importambgoaphic variable at the BCI study site,
explaining 3.4% of compositional variation, yetstBmall effect can be discerned from the RGB
map (figure. 2.2A; cf. figure 1 in Harms et al. 200The four most important topographic
variables from the variable selection procedurev@ion, convexity, slope and cosine of aspect)
explain a combined 9.6% of the community varia@bthe Yasuni study site, and there is a
strong similarity between the beta diversity angbigraphic maps for this site. The strongest
effect of any single environmental variable on camity structure in my study is elevation at
Sinharaja, explaining 14.7%, which coincides whharply defined features of the community
(figure 2.2F). Therefore, in the context of my asé&, a variable that explains 3% of variation in
community composition has a discernable but sudftert on community structure, whereas a
variable that explains 15% has a very strong effect

My results demonstrate remarkable variability amstugly sites in the importance of
niche and dispersal processes in shaping local agntynstructure. One putative explanation for

among-plot variability in the importance of enviroental control is that the degree of habitat
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heterogeneity affects the strength of habitat-basete partitioning — strong community
responses to topography are not expected in platsate relatively flat. Although | found weak
support for this relationship, a few problems afisen such a comparison. First, my study sites
differ in climatic conditions and forest type. Tsiedy site for which topography explains the
smallest proportion of beta diversity is La PlanddaPlanada is the only montane forest
represented, with a continuously wet climate. piagraphy primarily reflects heterogeneity in
soil moisture conditions (e.g. Comita & Engelbre2009), then there may be little topographic
influence in continuously wet soils. Second, elmral range may inadequately represent
topographic heterogeneity at Khao Chong comparedhter sites, as the topography of this plot
can mainly be characterized by a single slope (@&du?2).

Both habitat partitioning and dispersal limitatiare mechanisms that are expected to
promote species coexistence (Chesson 2000, Chave2€02). | therefore hypothesized that the
importance of these processes, as measured bratti®hs of explained variation, would be
positively related to plot diversity, measured @isex beta diversity or plot species richness.
However, | did not find any evidence for such nelaships among study sites. The absence of a
relationship between the strength of limited dispeor the influence of the environment and
plot beta diversity or species richness shouldmepty that they do not contribute to the
maintenance of biodiversity within a plot. The fétit compositional variation arises as a result
of the environmental variation indicates that eonimental variation allows a greater number of
species to exist within a plot than would exisaihomogenous environment.

My findings suggest that the influence of envirombaé variation on local community
structure may be underappreciated; maps of betdiiy plotted as an RGB image indicate that
environmental factors that account for <5% of cosifanal variation may nonetheless produce

an important signal in compositional structure. Mgults also highlight the large differences
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among sites in the inferred importance of niche @gisdersal processes. | offer some evidence
that topographic heterogeneity is correlated withéxplanatory power of topographic variables,
a reasonable expectation when comparison is restrio similar forest types. Further
investigation into the factors shaping differenas®ng study sites in the role of habitat niche

and dispersal processes offers a promising trackifare research.
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TABLES AND FIGURES

Table 2.1. Study site characteristics.

Size No. Elev. Soil
Study site (ha) Forest type species B* range (m) order Soil variables used
BCI 50 semidecid. lowland moist 298 0.84 38 Oxisol Al,B,Ca,Cu,Fe,K,Mg,Mn,Nmin,P,Zn,pH
Huai Kha Khaeng 50 seasonal dry evergreen 233 090 85 Ultisol Al,B,Ca,Cu,Fe,K,Mg,Mn,P,Zn,pH
Khao Chong 24 mixed evergreen 571 0.88 239 Ultisol Al,Ca,Fe,K,Mg,Mn,P,Zn,pH
Korup 50 lowland evergreen 452 085 95 Ox./Ult.  Al,Ca,Fe,K,Mg,Mn,P,Zn
La Planada 25 pluvial premontane 192 0.75 67 Andisol  Al,Ca,Cu,Fe,K,Mg,Mn,Nmin,P,pH
Pasoh 50 lowland mixed dipterocarp 790 0.86 24 Ult./Ent.  Al,Ca,Cu,Fe,K,Mg,Mn,P
Sinharaja 25 mixed dipterocarp 199 0.76 145 Ultisol Al,Ca,Fe,K,P,pH
Yasuni 50 evergreen lowland wet 1088 0.88 32 Ultisol Al,Ca,Cu,Fe,K,Mg,Mn,Nmin,P,Zn,pH

"The overall beta diversity of a plot, calculatepas1-a / v, whered is the average species richness of a 20 x 20 drguandy is
the species richness of the entire plot.
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Table 2.2. Variation partitioning results for sphatrariables and the total set of environmental
variables. Total = the proportion of variation exipked by both spatial and environmental
variables combined, Space = the proportion expthinespatial variables, Env. = the proportion
explained by environmental variables, Space|Ertae=pure spatial component, Overlap = the
spatially structured environmental component, and.[Space = the pure environmental
component.

Total Space Env. Space|Env. Overlap Env.|Space
BCI 0.54 0.54 0.25 0.29 0.25 0.00
Huai Kha Khaeng 0.47 0.45 0.14 0.33 0.11 0.02
Khao Chong 0.61 0.57 0.39 0.22 0.35 0.03
Korup 0.74 0.74 0.38 0.36 0.38 0.00
La Planada 0.32 0.29 0.13 0.19 0.10 0.03
Pasoh 0.47 0.47 0.20 0.28 0.19 0.01
Sinharaja 0.74 0.73 0.37 0.37 0.36 0.01
Yasuni 0.50 0.49 0.22 0.28 0.21 0.01
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Table 2.3. Variation partitioning results for safld topographic variables. Total Env. = the
proportion of variation explained by both soil angographic variables combined, Soil = the
proportion explained by soil variables, Topo. = tiheportion explained by topographic
variables, Soil|Topo. = the pure soil componentg@p = the topographically structured soil
component, and Topo.|Soil = the pure topographicpmment. Soil FS is the proportion of
variation explained by soil variables from the fardl selection procedure, holding the number
of soil variables chosen equal to the number odgogphic variables chosen by forward
selection; the number of variables used is givgpairentheses. The proportion of variation
explained by the topographic variables from thevéord selection results is equal to the amount
given by regular variation partitioning (Topo.).

Total Env. Soil Soil FS Topo. Soil[Topo. Overlap Topo.|Soil
BCI 0.25 0.20 0.16 (10) 0.13 0.12 0.08 0.04
Huai Kha Khaeng 0.14 0.09 0.06 (8) 0.08 0.06 0.03 0.04
Khao Chong 0.39 0.34 0.30 (10) 0.17 0.22 0.12 0.05
Korup 0.38 0.30 0.26 (11) 0.28 0.10 0.19 0.09
La Planada 0.13 0.11 0.09 (10) 0.05 0.08 0.03 0.02
Pasoh 0.20 0.17 0.14 (11) 0.10 0.10 0.07 0.03
Sinharaja 0.37 0.20 0.18 (10) 0.29 0.08 0.12 0.17
Yasuni 0.22 0.17 0.13 (11) 0.11 0.11 0.06 0.05
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Figure 2.1. The elevational range of a study s$#&blé 2.1) versus the proportion of variation in
community composition explained by the set of tappgic variables (table 2.3). The open
circle represents the results of the same varigiaotitioning method for the Gutianshan CTFS
plot in China (Legendre et al. 2009).
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A. Barro Colorado Island

Figure. 2.2. Beta diversity maps along with elewatinaps for six of the eight study sites: A)
Barro Colorado Island, Panama; B) Korup, Camer@)rPasoh, Penninsular Malaysia; D)
Yasuni, Ecuador; E) La Planada, Colombia; and Rh&iaja, Sri Lanka. Beta diversity and
elevation maps for Huai Kha Kheng and Khao Chorngil&nd are in figure A.2. In elevation
maps, the color scheme moves from dark green (levagon) to white (high elevation).
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Figure 2.2. (Continued)
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CHAPTER 3: A TAXONOMIC COMPARISON OF LOCAL HABITAINICHES OF
TROPICAL TREES
ABSTRACT
The integration of ecology and evolutionary biolagguires an understanding of the

evolutionary lability in species’ ecological niché&®r tropical trees, specialization for particular
soil resource and topographic conditions is an mamb part of the habitat niche, influencing the
distributions of individual species and overalket@mmunity structure at the local scale.
However, little is known about how these habitahes are related to the evolutionary history of
species. | assessed the relationship between taMomank and tree species’ soil resource and
topographic niches in eight large (24-50 ha) trapforest dynamics plots. Niche overlap values,
indicating the similarity of two species’ distrilohs along soil or topographic axes, were
calculated for all pairwise combinations of co-attg tree species at each study site.
Congeneric species pairs generally showed greatiee overlap (i.e., more similar niches) than
non-congeneric pairs along both soil and topog@pkes, though effects were significant for
only five sites based on Mantel tests. This analy&s unable to uncover evidence for similar
effects at the family level. The results suggeat thcal habitat niches of trees exhibit
phylogenetic signal, which may have important razatfons for the phylogenetic structure of

these communities.

INTRODUCTION

The assumption that closely related species tebe &cologically similar underlies the
interpretation of community assembly processesiyiqgenetic community ecology (Webb
2000, Webb et al. 2002), and is often implicit presies distribution modeling in historical

biogeography (Wiens & Donoghue 2004). The tenddocgvolutionarily related taxa to share
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similar traits is often termed ‘phylogenetic sigransu Losos (2008). The presence of
phylogenetic signal in ecological traits has bagwpsrted by the congruency of morphological
phylogenies with those constructed from molecudadVamosi et al. 2009). More directly,
several studies have documented similarity of alegkecological niches among closely related
species, including the climatic niches of sisteatan birds, mammals, and butterflies in Mexico
(Peterson et al. 1999), the hydrological, soil, Baick niches of plants in central Europe
(Prinzing 2001), and reproductive traits and grefattms of trees in Costa Rican forests
(Chazdon et al. 2003).

However, in an informal review of studies examinpitylogenetic signal of ecological
traits, Losos (2008) cited several instances whereslationship between evolutionary
relatedness and ecological similarity was foundyloere the relationship was negative. For
example, Silvertown et al. (2006b) found no phylwggec signal in the hydrological niches of co-
occurring meadow plants, Cavender-Bares et al.4Pfauind phylogenetic signal in some traits
but not others in the Floridian oak community, &odos et al. (2003) found no phylogenetic
signal in the habitat and feeding niche®\nblis lizards in Cuba. Additionally, Blomberg et al.
(2003) tested for phylogenetic signal in a varigitgontinuous traits and phylogenies taken from
the literature, and found that most traits exhibitess phylogenetic signal than expected based
on Brownian motion evolution. The contrasting résof these studies and others reviewed by
Losos (2008) caution against makigriori assumptions of phylogenetic signal.

Adaptation to specific soil and topographic cori is known to be an important part of
the ecological niche of tropical tree species. $stle variation in soil type, soil resource
availability, and topography has been shown taigrice tropical tree species distributions at the
local scale (< 1 km) (Chuyong et al. 2011, Davieal €2005, Gunatilleke et al. 2006, Harms et

al. 2001, John et al. 2007). For example, Johih ¢€2@07) found that 30-40% of tree species are
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non-randomly distributed with respect to soil rasewgradients in three neotropical forest
dynamics plots. Furthermore, species responsestiosbil and topographic gradients have been
shown to influence tropical forest community staretwithin these and several other plots
(Legendre et al. 2009, Valencia et al. 2004, Bdddal. in review). However, it is unclear
whether tree species are sorting independentlygaarironmental gradients or whether
evolutionary history influences the sorting of gps@long these gradients. If tree species’
niches are found to be more similar or dissimitaoag close relatives, this would have
important consequences for the phylogenetic straaifithese communities.

In this study, | examine the relationship betweetohomic rank and similarity in soil
resource and topographic niches of co-occurringi¢ed tree species. My taxonomic approach
allows us to use data from eight long-term tropfoegst dynamics plots from the Center for
Tropical Forest Science (CTFS) network, includipgraximately 1.4 million individuals of
1,513 species, for which high-resolution phylogsraee not currently available. | compare soill
and topographic niche similarity of species paetbging to the same genus or family to that of
more distantly related species pairs.

| expected that any effects of evolutionary relatss on local habitat niches would be
stronger at the genus level than at the familyl|esimply because congeneric species pairs will
have diverged more recently, on average, than oalidé species pairs. If congeneric or
confamilial species pairs are shown to have mondai habitat niches than more distant
relatives, this would be indicative of phylogenedignal in local habitat niches. The presence of
phylogenetic signal in habitat niches indicates #umptation to new environmental conditions
occurs slowly over evolutionary timescales (Los088). It would also suggest that habitat
filtering via soil and topographic variation cowdntribute to phylogenetic clustering within

tropical tree communities (Webb 2000). Alternatyyébcal habitat niches may be highly
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evolutionarily labile, or may be convergent, whiolay contribute to the coexistence of closely
related species within the same habitat (Silvertetval. 2006a) and may cause phylogenetic

evenness of tropical forest communities.

METHODS
Sudy sites

This study uses vegetation and soil data from dagig-term tropical forest plots from
the CTFS network: Barro Colorado Island (BCI), FaaaHuai Kha Khaeng and Khao Chong
Thailand; Korup, Cameroon; La Planada, ColombigpRaPeninsular Malaysia; Sinharaja, Sri
Lanka; and Yasuni, Ecuador (see table 3.1 for enmiental and vegetation characteristics of
each study site). The plots range from 24 to Sthisdze. Within each plot all trees >1 cm
diameter at breast height were measured, mappeddantified to species. Detailed descriptions

of the study areas and forest dynamics plots areiged by Losos & Leigh (2004).

Soil and topographic data

Soil sampling and kriging methods followed thoseaded in John et al. (2007).
Briefly, soil samples were taken in a 40 or 50 md gcross the 24-50 ha study area, with
additional samples taken near alternate grid poméstimate fine scale variation in soil
variables. Soil nutrient extractions were conduetedach site using a standardized protocol.
Non-nitrogen elements were extracted with Mehligsdlution and analyzed on an atomic
emission-inductively coupled plasma (AE-ICP, Pei&kimer Inc., Massachusetts, USA), with
the exception of phosphorus at the Yasuni study gihich was extracted with Bray extract
solution and analyzed calorimetrically on a Quiakth8500 Flow Injection Analyzer (Hach

Ltd., Colorado, USA). For the three neotropicabstsites (BCI, La Planada, and Yasuni) an
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estimate of thén situ nitrogen mineralization rate was taken at eachpsaincation by
measuring nitrogen before and after a 28 day inembaeriod (see John et al. 2007 for a more
detailed description). Nitrogen was measured as-N&tl NO3- extracted with 2M KCl and
analyzed with an auto analyzer (Ol FS 3000, Ol gizdl, Texas, USA). Sample values were
kriged to obtain estimated concentrations of sgitients at the 20 x 20 m quadrat scale. The
non-nitrogen soil variables included in this stweBre phosphorus, calcium, potassium,
magnesium, manganese, aluminum, and pH, but théewuaf variables included in the analysis
varied from site to site as not all variables gatest useable soil maps at all sites. At least five
soil variables were included in the analysis farteaf the study sites (table B.1).

Topographic variables consisted of elevation, slape convexity (the relative elevation
of a quadrat with respect to its immediate neighparhroughout each plot, elevation was
recorded at the intersections of a 20 x 20 m grdi@sed to calculate topographic variables at
the 20 x 20 m quadrat scale. Mean elevation wasilzdéd as the mean of the elevation
measurements at the four corners of a quadrateSWag calculated as the average slope of the
four planes formed by connecting three cornersopiadrat at a time. Convexity was the

elevation of a quadrat minus the average elevati@l immediate neighbor quadrats.

Niche overlap test

To reduce the complexity of the soil resource datach included up to eight highly
intercorrelated variables, a principal componentysis was performed to extract the main axes
of soil nutrient variation for each site. The fitato principal component (PC) axes were used in
the subsequent analysis. Among the eight study,she first two principal components
combined represented between 60-87% of the totatian present in the raw soil data

(summary information on PC axes is provided ingd®ll). Topographic variables were not
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converted to principal components, as elevatimpesland convexity were generally non-
linearly related to one another.

To measure the degree of similarity between twaisgéniches along an environmental
gradient, a measure of niche overlap was calculdteel niche overlap metric is adopted from
Potts et al. (2004) and is derived from a Kolmoge®mirnov (K-S) test. A K-S test was
calculated between two species’ distributions alampgincipal component axis or topographic
variable, yielding a D statistic. The D statis8ai value between 0 and 1 that describes the
degree of dissimilarity between the two distribonipand accounts for differences in central
tendency, spread, and skewness. The test is namp#ic and therefore no assumption of
normality regarding the distributions of speciesngl soil gradients was needed. To express
similarity between two distributions, | used 1-Dmag measure of niche overlap.

All species with at least 100 individuals presdrd atudy site and that were identified to
genus were included in the analysis. A minimum damjze of 100 individuals was set to
reduce spurious results due to low sample sizesigtinresults were found to be robust to
smaller minimum sample sizes. Study sites variegsicerably in the number of species
included in the study, ranging from 74 species @iHKha Khaeng to 417 species at Pasoh (table
3.1). For each study site, the niche overlap metas calculated for all pairwise combinations of
species, for the two soil PC axes and the threegm@phic variables. Mantel tests were used to
test whether species pairs belonging to the samesga the same family have higher or lower
niche overlap than expected based on a randomizatithe data. Tests at the two taxonomic
levels were performed for each environmental gradigtatistical significance was assessed by a
two-tailed testq = 0.025 for each tail).

The use of two PC axes to represent soil resowrgation and my taxonomic approach

focusing on genus and family comparisons helpegddace the total number of tests performed.
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While the soil resource PC axes may be considatédgonal (and the resulting Mantel tests
independent), the topographic variables are higtlibted to one another, as well as to the soil
resource PC axes. This resulted in several norpamtent Mantel tests for each study site, with
no clearly appropriate level adjustment. Additionally, although Mantett® have received
some criticism for having low power (Harmon & GR010), Mantel tests are useful and
appropriate for these data, which occur naturalgiatances among species both in the niche
overlap and in genus and family co-membership.

Previous work from some CTFS plots and other ferasbund the world has
demonstrated that forest communities may be phyletigally clustered at distances of up to
100 m and that community phylogenetic structurspestially autocorrelated (e.g. Kembel &
Hubbell 2006, Swenson et al. 2007, Webb 2000)ak therefore necessary to check whether the
results of this study were the result of coincidgpdtial structure of soil resources and the
phylogenetic structure of the tree community. lakteel for spurious results by repeating the
Mantel tests for each site after swapping its B@lor topographic maps with maps from another
study site of the same or larger size. This createdll model that preserved both the spatial
structure of the environmental gradients and thdggenetic structure and spatial aggregation

patterns of the tree communities.

RESULTS

Congeneric species pairs showed significantly higighe overlap than expected for at
least one soil resource PC axis in four out ofdight study sites (figure 3.1A, table B.2A).
Additionally, congneric species pairs showed sigaiitly higher niche overlap than expected
for at least one topographic variable at four stsitlys (figure 3.1B, table B.2B). Of the

topographic variables, convexity was the signiftozariable at three sites while slope was the
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significant variable at one site. Overall, congenspecies pairs generally had higher niche
overlap than non-congeneric pairs (positive vahfddantel r), though a significant effect was
only found for five sites total. When soil PC angdgraphic maps were swapped among sites,
no spurious significant results were found at teeus level (data not shown).

In the genus-level Mantel tests, the PC axes fachvbongeneric species pairs showed
significantly greater niche overlap than non-coregenpairs tended to be highly correlated with
aluminum (BCI PC2, Khao Chong PC2, Pasoh PC2, anth&ja PC1), with phosphorus (BCI
PC2, Khao Chong PC2, and Pasoh PC2), base cakibas Chong PC1, Sinharaja PC1, and
Yasuni PC2 as potassium), and manganese (PasolYBS§i#hi PC2, Khao Chong PC1) having
nearly equal overall importance to these axesdtBhl). Nitrogen mineralization rate was not
found to be a large contributor to these axes,ghauwas only included for three sites.

The family level test results were more ambigu@ignificantly higher niche overlap
along at least one soil PC axis was found for awmiifal pairs at Khao Chong and Sinharaja, but
the opposite result, significantly lower niche dapr was found for La Planada (table B.3A).
When soil PC maps were swapped among sites, disagrily higher niche overlap between
members of the same family was found for Sinhgfa22), and significantly lower niche
overlap was found for Yasuni (PC1; data not showignificantly higher niche overlap along at
least one topographic axis was found for confamplgars at Khao Chong and Yasuni, and
significantly lower overlap was found for La Plaagtiable B.3B). However, when topographic
maps were swapped among sites, significantly higlere overlap was found for Khao Chong

(elevation and convexity; data not shown).
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DISCUSSION

The presence of significantly higher habitat nickierlap among congeneric pairs of
species in five of the eight study sites indicaled closely related tropical tree species often
exhibit similar habitat preferences. The genusilesgults do not appear to be the consequence
of coincident spatial structure of environmentaiaton and phylogenetic community structure,
as no significant correlations were observed wraitat maps were swapped among sites.

In contrast to the results at the genus level,ed for similar habitat niches at the
family level is relatively weak. Although four sitshowed significantly higher or lower niche
overlap among members of the same family for atleae environmental gradient, three sites
showed significant results at the family level wimeaps were swapped. The presence of
spurious significant results at the family levelicate that the spatial structure of the
environmental variables and the tree community oraerlie observed niche overlap patterns at
the family level. Additionally, a taxonomic apprdamay be less able to detect patterns at the
family level than at the genus level because of@o@presentation of evolutionary divergence
times at higher taxonomic ranks, meaning that cuiti@ species pairs will vary more in their
evolutionary divergence times than congeneric gsagairs.

I would expect that the use of taxonomic ranks Waqild less power to detect evidence
of phylogenetic signal than a well-resolved molacyhylogeny for the tree species in a
community. However, this may not be the case wbending on relationships among close
relatives. | found that congeneric species paicsdignificantly higher niche overlap than
expected for one soil PC axis at BCI. In a previswsly, using a barcode phylogeny for the tree
community on BCI from Kress et al. (2009), Schreggl. (2010), found no phylogeny-wide
signal in mean soil values and ranges using arysisalf traits approach. | believe this

discrepancy occurred because my analysis incogmgmbre information on species
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distributions across gradients and focuses on cklatves, where effects are most likely to be
found. Thus, although taxonomic comparisons maglbdown at higher taxonomic ranks, |
would argue that they yield decent power to degéfeicts at the genus level. As molecular
phylogenies are increasingly available for manyertaspical tree species, and are being created
for some tropical forest communities (i.e., Kresale2009), it may soon be possible to obtain
better estimates of the temporal extent of phylegersignal in species’ ecological niches.

At the genus level, even though significance wdg achieved in five of the sites, and
only one or two environmental gradients per she,rhajority of the effect sizes were positive,
indicating an overall trend for congeneric spegaiss to have higher niche overlaps than non-
congeneric species pairs. However, there was ceradite variability in the results from site to
site. Failure to detect significant effects at sames may reflect limited power of the Mantel
test. For example, the effect sizes for gradienkduai Kha Kheng is similar in magnitude to
significant effects at other sites; however, theeee only 10 congeneric species pairs included
in the analysis of Huai Kha Kheng, an order of mitagie fewer than for most other sites (table
3.1).

Understanding the degree to which ecological shitylégs correlated with evolutionary
relatedness is especially pertinent to the fieldloflogenetic community ecology. Analysis of
phylogenetic community structure attempts to retealrelative importance of community
assembly processes, with a primary focus on cothgegxclusion and habitat filtering (Webb
2000, Webb et al. 2002, reviewed in Cavender-Bares 2009, Vamosi et al. 2009).
Phylogenetic signal links the evolutionary relatesiof species to their phenotypes, and through
their phenotypes to the assembly processes thatndee their distributions. It has been shown
that when patterns of phylogenetic signal in traits incorporated into studies of phylogenetic

ecology, they are tightly linked to observed paisenf phylogenetic community structure. For
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example, Cavender-Bares et al. (2004) and Ackerly. €2006) both showed that differences in
the phylogenetic signal and the adaptive signifteanr traits explained observed phylogenetic
community structure patterns in their respectivegtsystems. Using simulated communities
with known assembly processes, Kraft et al. (2@0i¢) Kembel (2009) showed that differences
in phylogenetic signal of traits strongly affecé thutcome of phylogenetic community structure
tests.

Considering the results from all study sites takeyether, the results suggest that very
close relatives (i.e., congeners) tend to have siondar local habitat niches, though these
similarities may be lost or undetectable at theilffatavel. These results are indicative of
phylogenetic signal in the habitat niches of trapicees. Phylogenetic signal in habitat-use
niches may underlie some of the observed phylogedeistering of tree species at large scales
in some CTFS and other tropical forest plots (Krgft & Ackerly 2010, Swenson et al. 2007,
Webb 2000). Of the study sites included in thidysigs, phylogenetic community structure has
only been thoroughly examined at BCI (Kembel & Halb006, Swenson et al. 2007, but see
Kress et al. 2009) and Yasuni (Kraft & Ackerly 2Q01Buture analyses connecting habitat
variability with phylogenetic community structureutd reveal the importance of phylogenetic
signal in local-scale habitat niches in shapingl@imnetic structure in tropical forest

communities.
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TABLES AND FIGURES

Table 3.1. Environmental and vegetation charadiesisf the study sites.

Study site Size (ha)
BCI 50

Huai Kha Khaeng 50
Khao Chong 24
Korup 50

La Planada 25
Pasoh 50
Sinharaja 25
Yasuni 50

Forest type Elev.(m) Soil order Species  Congen.
Semidecid. lowland moist 120 Oxisol 143 70
Seasonal dry evergreen 549 dUltis 74 10
Mixed evergreen 120 Ultisol 202 185
Lowland evergreen 150 Oxisol/Ultisol 209 392
Pluvial premontane 1796 Andisol 106 5 7
Lowland mixed dipterocarp 80 Ultisol/Eoltis417 1017
Mixed dipterocarp 424 Ultisol 126 126
Evergreen lowland wet 230 Ultisol 313 532

Confam.
094
137
57 8
933
279
3725
365
2012

Footnotes: Forest type taken from Losos & LeigtD@O0Elev. is the lowermost elevation in the fordygtamics plot. Species
indicates the number of species included in thdysttom each site, using only species with at |&&§t individuals. Congen. and
Confam. are the number of congeneric and confamsiiecies pairs from each study site, respectively.
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Figure 3.1. The Mantel r values for the genus I&ahtel test test of (A) soil PC axes and (B)
topographic variables. Positive values indicaté thambers of the same genus have higher
niche overlap than members of different generasStaicate significancen(= 0.025 for each

tail of a two-sided test).
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CHAPTER 4: THE EFFECTS OF SOIL RESOURCES AND TOP@E®ERY ON TROPICAL
FOREST PHYLOGENETIC COMMUNITY STRUCTURE

ABSTRACT

Previous research in tropical forests has demdesittaat local-scale heterogeneity in soil
resources and topography influences the distribataf many tree species, and that species’ habitat
niches have important impacts on emergent commstriigture. Additionally, there is evidence that
the soil resource and topographic niches of tropiea species often exhibit phylogenetic signal
(i.e., closely related species often have morelaimiches). It may therefore be expected that the
phylogenetic structure of forest communities isp&taby habitat heterogeneity. Here | examine how
phylogenetic beta diversity (indicating the degoéehylogenetic similarity of two communities) is
related to soil resource and topographic variatighin eight 24-50 ha tropical forest plots. Using
distance-based redundancy analysis, | found thdbgénetic beta diversity, expressed as either
nearest neighbor distance or mean pairwise distavace significantly influenced by both soil and
topographic variation. Furthermore, patterns ofestaneighbor phylogenetic beta diversity are
consistent with previously observed patterns ofi@isimilarity among congeneric species pairs:
sites where congeneric species have more simitatabaiches show a positive relationship
between habitat similarity and phylogenetic siniiyaof the tree community. These results
demonstrate that patterns of evolutionary labilitgpecies’ habitat niches determine the relatignsh

between habitat heterogeneity and the phylogesegticture of these communities.

INTRODUCTION
Both ecological and evolutionary processes intei@determine the distribution and
abundance of species within a community. Specigsbgical niches are play a central role in

determining community assembly, and these nichésrimare influenced by the evolution of
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ecological traits that respond to environmentatigmats. The evolutionary lability of such traits
determines the phylogenetic signal in ecologicahes, or the degree to which closely related
species are more ecologically similar (Losos 20B8ylogenetic community structure, or the
pattern of relatedness among community membersaspace, has been shown to be directly
related to the direction and degree of phylogerstjoal in species’ ecological niches
(Cavender-Bares et al. 2004, Ackerly 2006, KratleP007, Kembel 2009). Therefore, it is
expected that the strength of niche partitioning #re strength and direction of phylogenetic
signal in species’ ecological niches interact teedwaine the relationship between environmental
variation and phylogenetic community structurenithe partitioning along environmental
gradients is absent, or if phylogenetic signalpaecses’ habitat niches is absent, phylogenetic
community structure should be unrelated to enviremia variation.

Niche partitioning along environmental gradients haen shown to have important
consequences for community structure at the laadeq<1 km). Topographic variation has been
shown to influence the distributions of individiisde species and the overall structure of many
tropical forest communities (Harms et al. 2001,e/ala et al. 2004, Gunatilleke et al. 2006,
Legendre et al. 2009, Chuyong et al. 2011, chapt&). The role of soil resources in influencing
species distributions (Davies et al. 2005, Johal.€2007) and community structure (chapter two)
at the local-scale has come to light more receatlg result of fine-scale mapping of soil
variables in eight large forest dynamics plotsedant study that incorporated information on
both soil resource and topographic variation withiese plots (chapter two) demonstrated that
niche partitioning along soil and topographic geatis has important emergent effects on
tropical forest community structure.

Given the demonstrated importance of environmantdles within these forests, the

evolutionary lability of traits that confer envinmental niches may be expected to play a role in
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shaping the phylogenetic structure of these comnasniChapter three compared the taxonomic
rank of species to their soil resource and topdgcapiches in the same set of eight forest plots.
It was found that congeneric species pairs had iargar niches than more distantly related
species along at least one environmental (soiluresoor topographic) gradient in five of the
study sites, which suggests the presence of phy&dgesignal in the local habitat niches of
tropical trees. However, when examining pairs @csgs belonging to the same family, the
results were relatively weak and prone to typedresuggesting that phylogenetic signal in tree
species’ habitat niches may be restricted primaoilgiose relatives. Because habitat niches have
been shown to be important in shaping these contrasrfchapter two), and evidence of
phylogenetic signal in habitat niches is often prégchapter three), | expect the phylogenetic
structure of these communities to be linked to mmrmental variation.

A phylogenetic approach to the analysis of comnywatriation along environmental
gradients can compliment analyses of compositisaaation. Examining variation in
community composition along environmental gradieats help resolve the community imprint
resulting from habitat-based niche partitioninggerdre 2009, chapter two). When the
importance of niche partitioning has been assessphlylogenetic approach allows an
assessment of the importance of phylogenetic sigrtebitat niches in shaping phylogenetic
community structure (Cavender-Bares et al. 2004eGder-Bares et al. 2009, Fine & Kembel
2010).

Phylogenetic beta diversity is a useful tool foaexning phylogenetic community
structure that compares the phylogenetic relatedoiesvo sample communities (Webb et al.
2008). In microbial ecology, phylogenetic beta dsity has proven useful for identifying
important environmental gradients among microbamhmunities (reviewed in Faith et al. 2009).

More recently, phylogenetic beta diversity hasaated attention of non-microbial ecologists
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(Graham & Fine 2008) and has yielded useful insightio the evolutionary processes that
contribute to animal and plant community structéi@: example, Graham et al. (2009)
examined patterns of phylogenetic beta diversitgrgrhummingbird communities in the
Ecuadorian Andes, highlighting the role of the Anids a biogeographic barrier and as a strong
environmental driver of phylogenetic community pats in hummingbirds. Additionally, Fine

& Kembel (2010) used phylogenetic beta diversitgliecidate the roles of habitat specialization,
historical biogeographic and evolutionary processehaping regional phylogenetic patterns
among trees in an Amazonian forest.

Here | examine the effect of phylogenetic signahatitat niches on phylogenetic
community structure by examining patterns of phglogfic beta diversity along soil resource
and topographic gradients within eight tropicakftrplots. Because closely related species were
generally found to have more similar habitat nichgsedict that areas with similar habitats will
have more closely related tree communities. | eramphylogenetic beta diversity in two ways:
as the mean nearest neighbor (phylogenetic) distand mean pairwise (phylogenetic) distance
among quadrats. These two measures of phylogdretacdiversity may detect effects occurring
at different depths in the phylogenetic tree — masarest neighbor distance detects relationships
among close phylogenetic relatives while mean paewlistances detects deep phylogenetic
patterns. As evidence was found for phylogeneginaiof soil resource niches at the genus
level, but not beyond, | expected that mean neaeghbor distance to be more strongly related
to environmental variation than mean pairwise dista Furthermore, | expected the relationship
between soil resource variation and phylogenetia biversity among study sites to reflect

patterns of phylogenetic signal in soil resourages observed in chapter three.
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METHODS
Sudy sites

The tree data come from eight Center for TropicakBt Science (CTFS) forest
dynamics plots: Barro Colorado Island (BCI), Panakh#ai Kha Khaeng and Khao Chong
Thailand; Korup, Cameroon; La Planada, ColombigpRaPeninsular Malaysia; Sinharaja, Sri
Lanka; and Yasuni, Ecuador (Losos & Leigh 2004).0Akhe plots are either 24-25 or 50 ha in
size. At each study site, all trees >1cm dbh haenbnapped, measured, and identified to

species.

Soil resource and topographic data

To create maps of soil resource concentrationssaniples were taken every 40 or 50 m
throughout each plot, and continuous maps of thevanables were kriged to create estimates at
the 20 x 20 m quadrat scale following the methddkobn et al. (2007). The variables used vary
by study site, but where available included theoggn mineralization rate, phosphorus, base
cations (calcium, potassium and magnesium), bargoper, iron, manganese, zinc, aluminum
and pH. For a complete list of the variables ineldifor each study site, see table 2.1.

Topographic variables were derived from elevatiasurements made at each
intersection of a 20 x 20 m grid throughout a pldéean elevation, slope, convexity, and aspect
were each calculated for 20 x 20 m quadrat scagan\klevation was calculated as the mean of
the elevation measurements at the four cornersjobdrat. Slope was calculated as the average
slope of the four planes formed by connecting tlofade corners of a quadrat at a time.
Convexity was the elevation of a quadrat minusatierage elevation of all immediate neighbor
guadrats. Lastly, aspect was the direction of teepest slope of a quadrat, and was calculated in

ArcMap 9.3 (www.esri.com).
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Phylogenetic beta diversity

A master phylogenetic tree was created by poolpggies from all eight study sites and
submitting this species list to the online tool Bhyatic (Webb & Donoghue 2005). Tree ferns,
and the few species that were not identified taugemere left out of the species pool. This
created a phylogenetic tree containing all speniedl plots, the backbone of which was taken
from the most recent Angiosperm Phylogeny Groupsifecation (APGIII; www.mobot.org,
accessed May 2011). This tree was assigned brangthk according to the bladj algorithm of
the community phylogenetic software Phylocom (Webhl. 2008), which anchors certain
nodes at fossil and molecular dates estimated Istbm et al. (2001) and evenly spaces
intervening nodes. Phylogenies were created fdr samly site by pruning the dated master tree
to contain only species from that study site, dr&analysis for each study site was performed
using its respective pruned tree.

Each study site was divided into 20 x 20 m quadaatspairwise phylogenetic beta
diversity indices were calculated for all quadrairg within a study site. Here, | use the two
types of phylogenetic beta diversity established\tsbb et al. (2008). The first, mean pairwise
distance (betaMPD), expresses the mean pairwidegdmetic distance between pairs of taxa
between two samples. The second, mean nearestdastance (betaMNTD), expresses the
mean phylogenetic distance between each taxoreifirdt sample and its nearest phylogenetic
neighbor in the second sample and vice versa. Mearest taxon distance expresses the
phylogenetic similarity between samples at the ¢ippthe phylogenetic tree and may be
interpreted as scaling with the frequency of figdahose phylogenetic relatives between
samples.

Because compositional beta diversity affects theesof betaMPD and betaMNTD

among quadrats, observed values of betaMPD aniIb&iB were standardized with respect to
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expected values calculated under a null model.nlilenodel randomizes the positions of
species on the phylogeny, preserving the compasitibeta diversity and species richness of the
samples. The standardized versions of betaMPD atadMiNTD are termed betaNRI (net
relatedness index) and betaNTI (nearest taxon )Jndespectively, and are the beta diversity
analogs to the NRI and NTI metrics that are use@famining the phylogenetic structure of a
single sample (Webb 2000). Randomizations wereatepded9 times and the following
standardizations were performed:

betaNRI = -1 x (Mean(betaMR&hqon) - betaMP Rypserved) / SD(betaMPRandor)
betaNTI = -1 x (Mean(betaMNT&ndor) - betaMNTDbpserved) / SD(betaMNT Randon)

BetaNRI and betaNTI values were multiplied by -4 shown above, to convert them to a
dissimilarity measurement. Thus, positive valuebetANRI and betaNTI indicate that taxa are
less closely related between quadrats and negadlues indicate that taxa are more closely
related. Note that this is the opposite of someiptes uses of betaNRI and betaNTI (e.g. Fine &

Kembel 2010).

Analysis

| first tested for the ability of the entire setarfvironmental variables (soil plus
topographic variables) to explain phylogenetic camity structure and subsequently tested soil
and topographic variables separately. | tested lveineéhe set of explanatory variables accounted
for a significant amount of variation in the muéiivate dispersion among quadrats given as
phylogenetic beta diversity using distance-basedmi@al redundancy analysis (dbRDA,;
Legendre & Anderson 1999). Distance-based RDA weikslarly to RDA; however, whereas
an RDA of a community matrix preserves the Euchdisstances among samples, dbRDA

allows the use of any distance measurement. Iratiadysis, the phylogenetic beta diversity
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indices were used as the distance measure amompdesaim dbRDA, a principal coordinates
analysis is performed on the matrix of phylogenbéta diversity among quadrats, and all
eigenfunctions with positive eigenvalues are re&dias the quadrat coordinates. These
coordinates are then used as the response maRiRAn The significance of a set of
explanatory variables was tested using permutatiadhe phylogenetic beta diversity matrix 999
times, and was carried out in the program DISTLMAvtle & Anderson 2001).

The use of the null model in the calculation of lplggnetic beta diversity among
guadrats controls for the effects of shared spesigeng quadrats and, therefore, the effects of
species aggregation patterns caused by dispersakVer, it is possible that spatial
autocorrelation in the phylogenetic clustering wereness of the community may cause
phylogenetic beta diversity to be influenced bygyaphic distance among quadrats. | therefore
tested for the effects of environmental differencegphylogenetic beta diversity, while
controlling for the effect of geographic distanang partial Mantel analysis. The distance
among quadrats along the first canonical axis fieendbRDA was used as the measure of
environmental dissimilarity in the partial Manteladysis. The first canonical axes from the
dbRDA combines and weighs the environmental vaggbb as to explain the greatest amount of
multivariate dispersion among quadrats, and prakmyi analysis showed that the distance along
the first canonical axis (as a measure of envirartelelistance) explained much more variation
in phylogenetic beta diversity than various combores of all environmental variables weighted
equally. However, the goal was to test whethere¢higronmental dissimilarity could still
explain phylogenetic beta diversity after the dff@cthe geographic distance among quadrats
was removed.

The phylogenetic structure of each study site wappad according to each phylogenetic

beta diversity index following an adaptation of thethods of Thessler et al. (2005). Briefly, the
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pairwise phylogenetic beta diversity matrices warjected to nonmetric multidimensional
scaling in three dimensional space. Then, the ipositf each quadrat on the three ordination
axes was translated to color intensity of red, graed blue. The color assigned to each quadrat
represents its position in ordination space basetth® phylogenetic relationships among
guadrats, and quadrats of similar color are ingtgar as containing more closely related species
than quadrats of dissimilar colors. The quadratew®en mapped with their corresponding

colors, and the entire map gives a summary ofgiigtogenetic structure.

RESULTS

Maps of phylogenetic structure reveal broad spatdterns in phylogenetic community
structure within many of the study sites (Fig 4Al).three variable sets — environmental, soil,
and topographic — explained a significant amourghgfiogenetic beta diversity at every site as
tested by the dbRDA (table 4.1). The entire semfironmental variables explained 3.9-12% of
variation when phylogenetic beta diversity was egped as nearest neighbor distance, betaNT],
and 6-19% of variation when expressed as mean jsaidistance, betaNRI. Across study sites
and different sets of explanatory variables, ma@mation was explained when phylogenetic beta
diversity was expressed as mean pairwise distahaesvhen expressed as nearest neighbor
distances. In general, a greater proportion ofatiam was explained by soil resource variables
than was explained by topographic variables.

Neither phylogenetic beta diversity index was cstestly related to geographic distance
across study sites (table 4.2), which is unsurpgigiiven that the null model approach to
calculating the indices of phylogenetic beta diitgrsontrol for the effects of aggregated species
distributions. When the effects of environmentall,r topographic variables on phylogenetic

beta diversity were tested using a distance mapptoach, the results were usually significant,
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but not always. Some loss of significance was etgokgiven the lower power of Mantel tests as
compared to the raw data approach (such as dbRbdgtect an effect (Legendre & Legendre
1998, Harmon & Glor 2010). Importantly, the distamoatrix approach revealed that in a few
instances (Korup for betaNTI and Huai Kha KhaendofetaNRI), the relationship between
environmental dissimilarity and phylogenetic beitzetsity is negative. This relationship was not
revealed by the dbRDA as response matrices expresseither similarities or dissimilarities
produce the same result.

The majority of significant effects retained theignificance after the effect of
geographic distance was removed in the partial Mamalysis. This indicates that, in the
majority of cases, the effects of these environaderdriables on the phylogenetic structure of
the community operate independently of spatial @urtelation that may be caused by
aggregated species distributions or spatial autelation in the phylogenetic clustering or

evenness of the tree community.

DISCUSSION

Soil resource and topographic variation have preshpbeen shown to influence the
distributions of individual species as well as shape community compositional variation at
local scales (e.g., Davies et al. 2005,Valence.e2004, Gunatilleke et al. 2006, John et al.
2007, Chuyong et al. 2010, chapter two). Furtheemevidence of phylogenetic signal in soil
resource and topographic niches has been foundiy f the tropical forest communities
examined in this study (chapter three). It wasdfme expected that environmental variation
would also affect the phylogenetic community stuuetof these forests, at least at the sites
where phylogenetic signal in soil resource niclsesbiserved. Because phylogenetic signal in

chapter two was interpreted as being restrictatlédevel of very close phylogenetic relatives,
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(i.e. congeners), | expected phylogenetic betarsiityeexpressed as nearest neighbor distance to
be most influenced by soil resource variation. Highrespondence between these two
measurements was expected because a member afrieggenus is the nearest possible
phylogenetic neighbor given the resolution of plggioies created using Phylomatic.

In fact, both soil resource and topographic vasiativere found to significantly influence
both types of phylogenetic beta diversity of alircounities studied. The high significance of all
environmental data sets in explaining phylogengia diversity was surely influenced by the
increased power of raw-data approaches (e.g. dbRBApmpared to distance matrix
approaches (the Mantel approach of chapter threejhee ability of the approach to use all
available community data rather than a subsete§gecies occurring within a site. It was a bit
surprising that phylogenetic beta diversity wasegally more strongly related to environmental
variation when expressed as mean pairwise dist@acewhen expressed as nearest neighbor
distance, the opposite of my expectation. Howether prediction that nearest neighbor distance
would be more strongly related to environmentatigmats was made in the absence of any
evidence for phylogenetic signal at levels of rdess greater than congeneric pairs.
Additionally, previous examination of phylogenedignal in habitat niches of trees did not lead
to a strong prediction of how mean pairwise phylaie beta diversity would be related to the
environment, as family level phylogenetic signatéslmot correspond to mean pairwise distances
within these phylogenies.

When the relationships between environmental, sotippographic dissimilarity and
indices of phylogenetic beta diversity were exardjrike orientations of these relationships were
revealed. In general, phylogenetic beta diversiyg wositively related to environmental, soil
resource, or topographic dissimilarity. This patterdicates that areas with more similar

environments are likely to contain more closelyatedl tree communities — the expected result
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when species exhibit phylogenetic signal in thewienmental niches. However, neutral or
negative relationships were found at a few stuthssiA neutral or negative relationship could
arise from one or both of two things: environmemiahes may not be important at that study
site or environmental niches may not exhibit phglogfic signal. A negative relationship
between environmental dissimilarity and phylogenbéta diversity could arise as a result of
convergent evolution in species’ environmental eghrhe results of chapter two demonstrated
that environmental niches are important for shapmmmunity structure at these sites; therefore,
the explanation is likely to lie in the patternpdfylogenetic signal in species’ environmental
niches.

The across-site pattern in the effects of soilues® dissimilarity on betaNTI was
consistent with the observed phylogenetic signalabitat niches from chapter three. In chapter
three, congeneric species were generally foun@ve imore similar soil resource and
topographic niches, with the main exception ofKkloeup study site, though statistically
significant results were only found for five stusifes. The results of the congeneric test of
phylogenetic signal in soil resource niches arevshalongside the results of the partial Mantel
test for the effect of soil resource dissimilaoty betaNT]I in figure 4.2. The congruence of the
results of the two tests supports the hypothesispghylogenetic beta diversity, expressed as
nearest neighbor distance, is influenced by hahiti#th the effect contingent on the presence of
phylogenetic signal in habitat niches.

For example, Korup exhibited a negative relatiopsigtween soil dissimilarity and
betaNTI, suggesting convergent evolution for seslaurce niches at Korup. It has been
previously demonstrated that soil resource vameasimongly influences compositional
community structure at Korup, and thus soil reseuniches are important for structuring this

community (chapter two). In fact, there is somepsuwpfor convergent evolution of soil resource
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niches, or at least the lack of phylogenetic sigmalbil resource niches, from the test of soil
resource niche overlap among congeners in chdpes {figure 4.2). Additionally, a negative
relationship was found between topographic dissintyl and betaNRI at Huai Kha Khaeng
(likely causing the negative relationship betweervimmnmental dissimilarity and betaNRI at this
site) and Korup. These relationships also suggestargent evolution of topographic niches, but
at a much deeper level of the phylogeny.

By examining patterns of phylogenetic beta divgriitrelation to soil resource variation,
| was able to uncover the role of soil resourcestapography in shaping phylogenetic
community structure. The examination of phylogemetimmunity structure through the analysis
of patterns of phylogenetic beta diversity diffeignificantly from localized methods that
examine the relative relatedness of species oogumithe same quadrat. My examination of
phylogenetic beta diversity highlights patternsedatedness that are present at the across-plot
scale (< 1 km), while localized measures of phytagie clustering and evenness such as NRI
and NTI (Webb et al. 2002) generally examine pagevithin much smaller areas (generally 25
m?-1 ha quadrats) with emphasis on determining tlsive importance of habitat filtering and
competitive effects at these scales (e.g. Webb 2080, Cavender-Bares et al. 2006, Kembel &
Hubbell 2006). These results do not indicate wirgthglogenetic clustering or evenness is
present at within localized areas, or give anydation as to the importance of interspecific
competition. However, in sites where betaNT] isifjpodly related to soil dissimilarity, this
suggests a combination of habitat filtering andlpbggnetic signal in environmental niches that
may be expressed as phylogenetic clustering oéalelatives at smaller scales.

The strong influence of soil resources and topdgyam tree community compositional
structure at spatial scales < 1 km reveals the itapoe of small-scale environmental variation

and species’ local habitat niches as drivers dadlloommunity structure. The present study puts
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these observations into an evolutionary contextgtyhe phylogenetic signal observed in habitat
niches of trees (chapter three) to outcomes ofqggyietic community structure. The
relationships between soil dissimilarity and phyogtic beta diversity were consistent with the
patterns of phylogenetic signal present among aoergeobserved in chapter three. While habitat
niches are found to be highly important in neallyaest communities, patterns of phylogenetic
signal may vary among communities. Overall, s@brgce and topographic variation play an
important role in shaping phylogenetic communitysture, and the nature of this role can be
better understood by first understanding differsrioghe importance of niche partitioning and

the nature of phylogenetic signal among communities
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TABLES AND FIGURES

Table 4.1. The proportion of variation explained)(By each of the three sets of variables. All
effects tested as highly significant (P = 0.0019dzhon random permutation of the data.

betaNTI betaNRI

Env. Sail Topo. Env. Soil Topo.
BCI 0.056 0.044 0.018 0.094 0.077 0.037
Huai Kha Khaeng 0.052 0.037 0.019 0.079 0.059 0.034
Khao Chong 0.116 0.088 0.042 0.143 0.105 0.073
Korup 0.048 0.035 0.023 0.119 0.094 0.077
La Planada 0.074 0.055 0.021 0.110 0.084 0.036
Pasoh 0.039 0.028 0.014 0.063 0.049 0.026
Sinharaja 0.088 0.051 0.052 0.190 0.111 0.139
Yasuni 0.047 0.034 0.016 0.090 0.066 0.041
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Table 4.2. Mantel tests for the effects (Mantehlues) of environmental dissimilarity on
betaNTI (A) and betaNRI (B). Mantel r values shawibold have P<0.025. The first four
columns show the results of ordinary two-way Matgsts of the correlation between each
explanatory matrix (calculated as the pairwiseedéd@hce along the first canonical axis (CA1) of
the dbRDA) and phylogenetic beta diversity. The flasee columns show the partial Mantel
correlation between environmental dissimilarity gmylogenetic beta diversity after controlling
for the effect of geographic distance among quadrat

A) BetaNTI
Two-way Mantel Partial Mantel
Env. Soil Topo. Env. Soil Topo.
Study site Geog. CAl CAl CAl CAl CAl CAl
BCI 0.00 0.13 0.12 0.04 0.13 0.12 0.04
Huai Kha Khaeng 0.01 0.13 0.06 0.13 0.13 0.06 0.12
Khao Chong 0.11 0.38 0.34 0.13 0.37 0.33 0.11
Korup -0.02 -0.01 -0.03 -0.01 0.00 -0.03 0.00
La Planada -0.06 0.07 0.05 -0.03 0.08 0.06 -0.02
Pasoh 0.05 0.14 0.11 0.12 0.13 0.10 0.11
Sinharaja 0.07 0.27 0.15 0.20 0.26 0.14 0.18
Yasuni -0.04 0.09 0.09 0.05 0.09 0.09 0.06
B) BetaNRI
Two-way Mantel Partial Mantel
Env. Soil Topo. Env. Soil Topo.
Study site Geog. CAl CAl CAl CAl CAl CAl
BCI 0.08 0.18 0.15 0.15 0.18 0.15 0.14
Huai Kha Khaeng -0.07 -0.09 -0.05 -0.14 -0.06 -0.01 -0.13
Khao Chong 0.01 0.04 0.06 -0.01 0.04 0.05 -0.01
Korup 0.10 0.08 0.07 0.05 0.01 0.00 -0.03
La Planada 0.05 0.12 0.10 0.05 0.11 0.09 0.05
Pasoh 0.05 0.08 0.09 0.04 0.08 0.09 0.03
Sinharaja 0.03 0.26 0.11 0.20 0.27 0.11 0.21
Yasuni 0.04 0.23 0.21 0.09 0.23 0.21 0.09
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A. Barro Colorado Island

= B

Figure 4.1. Maps of phylogenetic community struetiar each of the eight plots, created from
phylogenetic beta diversity matrices in the metbbdhessler et al. (2005). Maps shown on the
left side are based on betaNTI and maps on thésigh are based on betaNRI.
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F. Khao Chon

G. La Planada

H. Sinharaja

Figure 4.1(Continued)
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Figure 4.2. Comparison of Mantel results betweendst for greater soil resource (A) and
topography (B) niche overlap among congeneric ggeaf chapter three and (C) the partial
Mantel correlation between environmental (soil glysography) dissimilarity on betaNTI (table
4.2A).
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CHAPTER 5: INTRASPECIFIC VARIATION IN FOLIAR NUTRIETS ALONG SOIL
RESOURCE GRADIENTS
ABSTRACT
Leaf chemistry is an important determinant of estesy processes, and has been shown

to vary within forests along soil nutrient gradentiowever, previous investigations of variation
in leaf chemistry have not performed enough witspecies sampling to determine whether
variation in leaf chemistry is driven by speciesiayver or intraspecific responses to soil
resource gradients. This study investigates thelstametric responses of tree species to six key
soil resource gradients (N, P, Ca, K, Mg, and Nhay vary from six to over 50 fold for
phosphorus and cations. | examined the within-gga@lationship between foliar and soil
nutrients for 15 species growing in a tropical &ri@ Panama. Evidence for relationships
between foliar and soil nutrients within a speeias weak: with one exception, there were no
significant relationships between soil nutrient camtration and foliar nutrients for any given
species x nutrient combination. However, overauhes suggest that weak intraspecific
relationships may exist for P and K. Differencethwi species, even growing in very different
soil resource conditions, were very small compavigd differences among species: intraspecific
variation made up less than 3.5% of total sampi@tian in any given nutrient, and a linear
discriminant analysis based on only seven folidrients was able to successfully classify 80%
of leaf samples to species. These results indtbatespecies’ internal stoichiometry is highly
conserved, suggesting that spatial variation ihdaamistry is more driven by species

compositional turnover than by intraspecific diffeces in foliar nutrients.
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INTRODUCTION

Leaf chemical properties are important determinantsindicators of plant physiology
and biogeochemical processes in terrestrial ecesys(Vitousek 1982, Aerts & Chapin 2000,
Hedin 2004). However, little is known about thetsgdavariation of leaf chemistry in tropical
forests. The little information that exists comes sparse field-based data sets focused on just
a few elements, usually nitrogen (N) and phosph{fysand from just a handful of tropical
forests sites globally (Townsend et al. 2007). Tagearch also generally focuses on broad
sampling of foliar nutrients at ecosystem level®ss different tropical forests (e.g. Vitousek
2004, Townsend et al. 2007, Asner & Martin 2011).

A major insight arising from these studies is tetsystem-level leaf chemistry varies
along soil resource gradients in tropical foreBts. example, Townsend et al. (2007) found
differences in foliar nutrient concentrations iopical forests on different soil types, with higher
foliar N:P ratios among trees growing on P-impaosfeeid Ultisols and Oxisols compared to more
fertile soils. These differences in N:P ratios wire result of lower foliar P concentrations in
trees growing in the P-poor Ultisols and Oxisolaeveas foliar N was relatively constant among
study sites. Additionally, Asner & Martin (2011)uiod that species from higher fertility
Inceptosols sites had higher P and base catioreatrations than species from low fertility
Ultisols in the Amazon. However, neither study skedpvidely within any one species, and the
sampling designs were not able to tease apart whditfierences in leaf chemistry between soil
types was a result of species turnover or intrapeesponses to soil resources. Therefore, the
relative contribution of intra- and inter-specifiariation in leaf chemical properties, as well as
how these sources of variation are affected byfedility, are poorly understood.

Previous work by John et al. (2007) has showndha®-40% of tropical tree species are

nonrandomly distributed with respect to soil nuitieoncentrations at the local scale (< 1 km) in
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three neotropical forest dynamics plots (25-50 whjle subsequent research has shown this to
be true in several other paleotropical forest p{Badeck, unpublished data). Furthermore,
these species-soil associations have emergentse#ethe community level: chapter two
showed that soil resource variation affects whiide tommunity structure within these same
plots. Soil resources are known to also affect $pgries distributions and species turnover at
meso-, landscape, and regional scales (Swaine T3a¥& et al. 1998, Potts et al. 2002, Phillips
et al. 2003, Fine et al. 2005, Paoli et al. 2088)l resources clearly play a critical role in
shaping the distributions of individual species #meloverall community structure of tropical
forests.

Because there is high species turnover alongysadlients in tropical forests, the species
that are sampled are usually different for theedédht soil types. Extensive sampling of leaf
nutrients within a single species along soil resegradients has not been conducted, so the
intraspecific responses of foliar nutrients to seflource gradients is not known. If species are
found to be have highly conserved leaf nutrienfi® along soil fertility gradients, this would
indicate that spatial variation in leaf nutrierggiriven by species turnover rather than by plastic
responses to soil resources within a species.wkker, species are found to have highly plastic
leaf nutrient profiles, this would indicate thatspl variation in leaf nutrients is also driven by
intraspecific responses to soil resource gradients.

In this study | investigate the within-species tielaship between soil nutrient abundance
and foliar nutrients. | conducted extensive witBpecies leaf sampling along six important soil
nutrient gradients for 15 common species on Baoio@do Island (BCI), Panama. Leaf
samples were taken along soil nutrient concentiggradients that varied up to 20 fold for
phosphorus, and up to 14 fold for major base catidahn et al. (2007) demonstrated that tree

species distributions are affected by soil resoaxa@lability at the spatial scales and levels of
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soil resource abundance and heterogeneity fouridnathe BCI 50-ha plot. Therefore, the soil
nutrient gradients covered in this study are edobdly relevant. Here | ask whether foliar
nutrients are influenced by soil nutrients withigpecies. | expected that intraspecific foliar P is
related to soil P concentration, as tropical faese generally considered to be P-limited
(Vitousek 2004, McGroddy et al. 2004), BCl is laghbn P-poor Oxisols, and ecosystem-level

foliar P has been shown to be responsive to savdfability (Townsend et al. 2007).

METHODS
Sudy Ste and soil nutrient maps

Leaves were collected from within the 50-ha fodgstamics plot of Barro Colorado
Island (BCI), Panama. BCI is a semideciduous nfoisgtst that receives 2,600 mm of rain
annually (Losos & Leigh 2004). The 50-ha plot camaapproximately 300 tree species. The
soils at BCI are mostly well weathered Oxisols trat relatively high in cations and poor in
phosphorus compared to other tropical plots froenG@enter for Tropical Forest Science network
(Dalling, unpublished data).

Soil samples of the top 10 cm of mineral soil waikeen and measured for their
concentrations of P, Ca, K, Mg, Mn, and N minegtian. Samples were taken at the
intersections of a 50 m grid with additional samsgieken near alternate grid points to estimate
fine scale variation in soil variables. Non-nitraggements were extracted with Mehlich-11I
solution and analyzed on an atomic emission-ingalticoupled plasma (AE-ICP, Perkin Elmer
Inc., Massachusetts, USA). Nitrogen was extracselid,” and NQ™ with 2M KCI and analyzed
with an auto-analyzer (Ol FS 3000, Ol Analyticagéxas, USA). An estimate of thesitu
nitrogen mineralization rate was taken at each $atopation by measuring nitrogen before and

after a 28 day incubation period. Complete soil snfap each nutrient were created for the entire
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plot by kriging. The kriged values for each 20x2@&drat within the 50-ha plot are used in this
study. A more detailed description of the soil shngpmethods and kriging can be found in

John et al. (2007).

Leaf Chemistry

Leaf samples were collected from 15 common spegitee 50-ha plotAlseis blackiana,
Chrysophyllum argenteum, Chrysophyllum cainito, Garcinia intermedia, Guarea sp., Guarea
guidonia, Hirtella triandra, Protium panamense, Protium tenuifolium, Quararibea asterolepis,
Swartzia simplex var. grandiflora, Svartzia simplex var. ochnacea, Tetragastris panamensis,
Trichilia pallida, andTrichilia tuberculata. These species were chosen because they are among
the most common species of the BCI 50-ha plot, tepyesent a variety of different families,
and contain five congeneric species pairs whichvstantrasting soil associations (table 5.1).
Twenty-seven individuals of each species were saanfolr analysis of intraspecific variation in
foliar chemistry.

For each species, sampled individuals were seléatethximize variation along soil
nutrient gradients. Exact ranges of soil nutrigniralances vary by species, but on average
ranged from 344 — 4603 ppm dry weight for Ca, @96 ppm for K, 58 — 826 ppm for Mg, 13 —
719 ppm for Mn, 0.37 — 7.9 ppm for P, and -6.3 pg6 for N mineralization rate. These
nutrient ranges capture most of the range of sarient concentrations for the 50-plot. Leaf
samples were collected from June to August, 20@6@ves were collected with a pruning pole,
with a maximum height of 10m. Due to the heightstaaints imposed by the pruning pole, only
juvenile trees (~3-8 cm dbh in 2005 census) wemgptad and only shade leaves were collected.
Each individual was sampled by making three or nsolesamples at different locations, and

selecting an equal amount of leaf material fromhe;adysample. All leaf material collected from
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an individual tree was combined to make a compasiteple. Only mature leaves with little or
no visible damage were included in the sample.

Foliar material was oven dried for a minimum ofhtirs at 60°C, pulverized in a Kleco
ball mill, then digested in concentrated HN&zid at 108C for 22 minutes in a MARS
microwave digester (CEM Co.). The concentrationB,ata, K, Mg, and Mn were measured
with an inductively coupled plasma optical emissspectrometer (ICP-OES, Perkin Elmer
Optima 2000). Total foliar nitrogen and carbon wanalyzed on a CHN analyzer.

| tested for the correlation between soil nutrieartd foliar nutrients within each species
for the six nutrient gradients. The proportionatit sample variation that was attributed to
intraspecific variation was quantified as the msqunared error among samples of the same
species divided by the total mean squared errote3idfor the ability of foliar chemical profiles
to differentiate among species, a linear discrimiranalysis was performed on leaf N, C, P, Ca,
K, Mg, and Mn. Linear discriminant analysis wasfpened using the ‘MASS’ package of the R

programming language.

RESULTS

Leaf nutrients and N:P ratios varied strongly amspecies (table 5.2). With only a few
exceptions, leaf nutrients were not significandiated to soil nutrients for the nutrient gradients
tested (table 5.3). There were four instances wtereorrelation between soil resource
abundance and leaf nutrient concentration wasfggnt at an alpha level of 0.01 (shown in
bold in table 5.3). However, if a Bonferroni cottiea is applied to the total of 90 correlation
tests performed, the alpha level decreases to B.Q0¥Ing this alpha, only the correlation

between soil and leaf phosphorusifbrtella triandra remains significant (P<0.0004). On
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average, correlations between soil and foliar eatd were greatest for K (average r value ~0.2)
and P (average r value ~0.16).

Intraspecific variation in foliar nutrients was dh@mpared to interspecific variation:
within-species variation made up 0.05 — 3.1% oftttal variation among samples for all seven
measured leaf nutrients. Linear discriminant ansiy&s able to correctly classify 80% of leaf
samples based only on N, C, P, Ca, K, Mg, and MeaiGeparation of several species can be
observed based on a plot of leaf samples agaiadirthh two discriminant axes, especially
Garciniaintermedia, Hirtella triandra, Alseis blackiana, andTetragastris panamensis (figure
5.1). Forty-three percent of misclassification esrewere between members of the same genus,
and many of these errors were between the twotiesief Swartzia. Excluding the two Swartzia
varieties, the rate of correct classification mehr discriminant analysis increases to 83%.
Species-specific N:P ratios ranged from a low o616 a high of 35.5. Species’ average N:P
ratios were consistently greater than 16, whiaghdgcative that P is more limiting that N on

Barro Colorado Island.

DISCUSSION

Low intraspecific variation in foliar nutrients aesmpared to the total variation (< 3%),
and the ability of the linear discriminant analytsicorrectly classify leaves to species in 80% of
cases based on leaf nutrient data, both suppocotihausion that species’ foliar nutrient profiles
are highly conserved. Although sampling was coctgtd to the soil nutrient gradients found
within the BCI 50-ha plot, it has previously beérown that these soil resource gradients
influence individual species distributions and pdayimportant role in shaping overall
community structure. As these soil resource grddiare responsible for species turnover within

the 50-ha plot, they were expected to be long emdaigpotentiate intraspecific responses in
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foliar nutrients. Intraspecific foliar sampling nusevitably cover shorter soil nutrient gradients
than interspecific or ecosystem level foliar samglibecause the presence of community
turnover precludes intraspecific sampling over Igngdients for most species.

Evidence for intraspecific relationships betweethawd foliar nutrients is weak, at least
at the sampling intensity used in this study. Poaverlyses based on the results of this study
indicate that the power of a correlation test foy given species x nutrient combination is quite
low. For example, if the true population r valuéaken as the mean r value between soil and
foliar K for all species ( ~0.2), a correlationtte§ only 27 individuals along a soil gradient tzas
power of ~0.17 (a& = 0.05). Conversely, if we were to design a sangpicheme for a test with
a power of 0.8 given the same population r valuewweuld need to sample ~200 individuals.
This suggests a far greater sampling intensity thamactical for most species in order to detect
an effect that is likely to be small (r ~0.2 on eage for K and ~0.16 on average for P).

Although evidence for an intraspecific correlatlmtween soil and foliar nutrients for
any given species x nutrient combination is weakn@ning the results across all nutrients and
species together gives the impression that theyebmamportant differences among nutrients in
the potential to find such relationships. The ageravalue for K is ~0.2 and that of P is ~0.16,
which contrasts to the average r values of N, Gg, &md Mg, which are all very close to zero or
negative (Table 5.3). This suggests that if inteafic foliar values are related to soil nutrient
availability, this relationship is likely to be tested to a few important elements at a given site

Although intraspecific relationships between swmitl foliar P have not been explored
previously, Townsend et al. (2007) found differencefoliar P related to seasonal changes in
soil P availability within individual trees in Ca@sRica. The responses of individual tree foliar P
to seasonal changes in soil P availability, in addito ecosystem-level correlations between

foliar and soil P, suggest that conspecific indints growing along a P gradient should show
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correlated foliar P. Though foliar and soil P weae significantly correlated in this study, with
one exception, the majority of these correlatiomspmsitive (table 5.3). This suggests that a
weak relationship between soil P and intraspetifiar P may exist. However, much more
intensive sampling within a species along soil &l@nts would be needed to detect such a
relationship.

Foliar N:P ratios are regarded as an index oftplatrient status that provides insight
into soil nutrient limitation and ecosystem biogeemical cycling (Aerts & Chapin 2000).
Specifically, foliar N:P ratios less than 14 aresidered to reflect N limitation and ratios greater
than 16 are considered to reflect P limitation feal 14-16 reflect N and P co-limitation)
(Koerselmann & Mueleman 1996, Aerts & Chapin 20R8ich & Oleksyn 2004). The species-
specific foliar N:P ratios found in this study \ediwidely among species. All species-specific
N:P ratios were greater than 16 with the exceptioone speciefuararibea asterolepis. In
general, foliar N:P values indicate P limitatioreoW limitation for BCIl. However, the
considerable variability in N:P ratios among spetighlights the possibility that different
species may be differentially limited within thersaecosystem (Townsend et al. 2008).

My results suggest that variation in leaf chemisityoss space may be more influenced
by interspecific differences in leaf chemical pledithan by intraspecific variation. Previous
studies of variation in leaf traits or of variationleaf traits in relation to soil properties has
focused on broad sampling of many species, withrélicates within a species (e.g. Townsend
et al. 2007, Asner & Martin 2011). The results présd here generally support the robustness of
this sampling strategy as variation within a speevas found to be much smaller than variation
among species, even when individuals within a gsaeere sampled across heterogeneous soil

resource environments.
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The lack of strong evidence for intraspecific chesiin foliar nutrients along soil nutrient
gradients also suggests that interspecific diffeesnn foliar chemistry drives ecosystem-level
relationships between soil nutrients and foliarieats. However, if this is true then species-
specific foliar nutrient profiles must be correlhsith their soil resource associations. Broad
sampling of foliar chemistry across many specissyeall as linking these foliar chemical data
species’ distributions with respect to soil resegris needed to explore the relative roles of
intra- and interspecific variation in foliar nutnis. Across-species sampling within the Center
for Tropical Forest Science (CTFS) plots, wheredhieresource associations of most species
has already been quantified (John et al. 2007 ,&8&ldunpublished data) would be one good
way to test this idea. Linking species-specifiegabthemistry to species’ soil resource
associations would go a long way to establishingeahanistic understanding of observed
species-soil associations in the tropics. Furtheemgpecies-specific foliar chemical profiles
could be tested for the presence of phylogendgitasj which may contribute to a mechanistic
understanding of phylogenetic signal in specie#’regsource niches (chapter three) and the

influence of soil resources on phylogenetic comryustructure (chapter four).
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TABLES AND FIGURES

Table 5.1. Species included in study, their farmalyd associations with soil nutrients as
determined by John et al. (2007). Plus signs inditzat a species has been found to have a
positive association with concentrations of thdtieat in the soil, and minus signs indicate

negative associations.

Species Family Nmin P Ca Mg Mn
Alseis blackiana Rubiaceae -

Chrysophyllum argenteum  Sapotaceae - +
Chrysophyllum cainito Sapotaceae +

Garcinia intermedia Clusiaceae +

Guarea sp. Meliaceae

Guarea guidonia Meliaceae + +

Hirtella triandra Chrysobalanaceae  + -+ +
Protium panamense Burseraceae - -

Protium tenuifolium Burseraceae + -+ +
Quararibea asterolepis Bombacaceae

Swartzia sim. grandiflora Fabaceae

Swartzia sim. ochnacea Fabaceae -+ +
Tetragastris panamensis Burseraceae -

Trichilia pallida Meliaceae - - =
Trichilia tuberculata Meliaceae

69



Table 5.2. The mean foliar nutrient concentratiand N:P ratio by species, the within-species coiefiit of variation is given in

parentheses. The values for C and N reported asmefor other elements reported in ppm.

Species C (%) N (%) P (ppm) Ca (ppm) K (ppm) Mg (ppm) N:P

Alseis blackiana 45.8(0.02) 4.68(0.10) 1787(0.22) 11460(0.34) 20465(0.25)  4171(0.29) 32.9(1.16)
Chrysophyllum argenteumn 45.1(0.04)  2.10(0.10) 874(0.13) 19170(0.25) 10386(0.26)  3372(0.37)  24.3(0.14)
Chrysophyllum cainito 46.1(0.02) 2.19(0.07) 965(0.11) 17170(0.21) 9959(0.26) 2745(0.23) 22.9(0.10)
Garcinia intermedia 50.3(0.02) 1.54(0.07) 886(0.12)  8014(0.21) 10577(0.16)  1573(0.19) 17.7(0.16)
Guarea guidonia 46.9(0.02) 3.06(0.07) 1651(0.13) 13059(0.36) 15208(0.25)  4199(0.22) 18.7(0.11)
Guarea sp. 47.8(0.02) 2.91(0.08) 1412(0.10) 14933(0.24) 16890(0.17)  3106(0.22) 20.8(0.11)
Hirtella triandra 41.9(0.04) 1.93(0.07) 849(0.13) 9427(0.19)  9158(0.27)  3658(0.14) 23.1(0.12)
Protium panamense 46.1(0.02)  2.16(0.08)  1086(0.22)  5352(0.45)  9053(0.40)  1973(0.17)  20.5(0.16)
Protium tenuifolium 43.2(0.02) 2.01(0.09) 1012(0.15) 17339(0.23) 11311(0.28)  2434(0.13) 20.2(0.13)
Quararibea asterolepis 42.8(0.02) 2.54(0.08) 1684(0.16) 12790(0.31) 22490(0.22) 3699(0.24) 15.5(0.19)
Swartzia sim. grandiflora 48.1(0.02)  3.77(0.09)  1095(0.13) 13497(0.29)  9229(0.30)  2726(0.15)  34.8(0.12)
Swartzia sim. ochnacea 47.7(0.04) 3.41(0.13) 980(0.15) 15371(0.35) 8177(0.35) 2736(0.19) 35.1(0.11)
Tetragastris panamensis 44.9(0.06) 1.96(0.31) 787(0.15) 4980(0.19) 7343(0.27) 2223(0.22) 25.3(0.34)
Trichilia pallida 47.1(0.03) 3.26(0.10) 1826(0.18) 15549(0.31) 20913(0.18)  2781(0.15) 18.4(0.19)
Trichilia tuberculata 47.7(0.02)  2.77(0.08)  1410(0.17) 14051(0.39) 19055(0.20)  2887(0.25)  20.2(0.17)
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Table 5.3. Correlation coefficients for the cortiela between soil nutrient abundance and leaf
nutrient concentration for 15 species along siksatrient gradients. Bold correlation
coefficients are significant at P < 0.01.

Species N P Ca K Mg Mn

Alseis blackiana 0.22 0.07 -0.35 0.31 -0.30 -0.10
Chrysophyllum argenteum 0.10 0.36 0.21 0.27 -0.02 0.01
Chrysophyllum cainito 0.17 0.09 0.32 0.27 -0.34 0.25
Garcinia intermedia 040 -0.09 -0.26 0.12 0.38 -0.32
Guarea guidonia -0.14 0.14 0.09 0.17 -0.08 -0.19
Guarea sp. -0.44 0.16 -0.10 0.23 -0.08 -0.37
Hirtella triandra -0.20 0.63 -0.24 0.14 -0.21 -0.01
Protium panamense -0.15 0.01 0.20 -0.03 0.24 -0.03
Protium tenuifolium 0.15 041 -0.35 0.31 0.28 -0.52
Quararibea asterolepis -0.35 0.19 -0.23 0.53 -0.08 -0.09
Swartzia sim. grandiflora -0.13 0.31 0.13 -0.12 0.13 -0.14
Swartzia sim. ochnacea -0.32 0.18 0.23 0.23 0.49 -0.06
Tetragastris panamensis 0.24 -0.28 0.01 0.36 0.05 -0.06
Trichilia pallida -0.08 0.09 0.32 -0.11 0.25 -0.07
Trichilia tuberculata -0.31 0.18 -0.15 0.26 -0.16 -0.55
Average -0.06 0.16 -0.010 020 0.04 -0.15
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Figure 5.1. Plot of leaf samples against the fust linear discriminant axes. Two character
codes represent the species: ABIseis blackiana, CA = Chrysophyllum argenteum, CC =
Chrysophyllum cainito, Gl = Garcinia intermedia, GG =Guarea guidonia, GS =Guarea sp., HT
= Hirtellatriandra, PP =Protium panamense, PT =Protium tenuifolium, QA =Quararibea
asterolepis, S1 =Swartzia sim. grandiflora, S2 =Swartzia ssm. ochnacea, TE =Tetragastris
panamensis, TP =Trichilia pallida, TT =Trichilia tuberculata.
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CHAPTER 6: CONCLUSIONS

SUMMARY

My dissertation examined how local-scale habitetogeneity affects emergent
properties of tropical tree communities. Previcesearch has shown that local-scale variation in
soil resources and topography affect the distrdmgtiof individual tree species (e.g. Harms et al.
2001, John et al. 2007). My research is the fosttow the effects of soil resource variation on
local-scale forest compositional and phylogenatimmunity structure. | found that local-scale
soil resource and topographic variation strongfjusnces compositional community structure. |
also tested whether tree species that are clostved have more similar soil resource and
topographic niches, and found that this is the éasmany study sites. | further showed that soil
resource and topographic variation significantuance the phylogenetic structure of these
communities. | linked phylogenetic signal in s@source niches to the phylogenetic structure of
these communities and showed that patterns of ghyletic signal are tied to the relationship
between environmental variation and phylogenetmaranity structure. Finally, | examined
intraspecific variation in foliar chemistry alongilsresource gradients, which helped to clarify
how ecosystem-level variation in leaf chemistritksly to be driven more by species turnover
than by intraspecific responses to soil resouraéignts.

These analyses provide insight into environmerdatrols on tropical tree community
structure at a smaller spatial scale than is uguralestigated. | showed that local-scale
environmental variation strongly drives composiéibvariation in these communities, providing
a strong refutation of the idea that community agsg is primarily determined by stochastic
processes (Hubbell 2001). | went beyond showingrtipertance of environmental variation to

community structure by further exploring how thdluiences phylogenetic community structure
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and how it is likely to influence spatial variationbiogeochemical processes. My dissertation
sheds light on the various community-level influesof local-scale environmental

heterogeneity, and offers insight on promisingksafor future research.

CHAPTER SUMMARIES

In chapter two | showed that individual species! sssource and topographic niches
have important community-level effects. | usedudtivariate statistical method called canonical
redundancy analysis to partition total communitgnpositional variation (a form of beta
diversity) in to fractions explained by spatialilsand topographic variables. | found that both
soil resource and topographic variation signifibamtfluence tree community structure in these
communities. However, there was a large amounbofraunity compositional variation that was
spatially structured yet unexplained by environrakwériables. This indicates that other
spatially structured community assembly processes) as limited dispersal and species
responses to unmeasured environmental variatieralao important determinants of community
structure. To demonstrate the ecological importari@vironmental variation in shaping these
communities, | used a visualization technique fregional mapping to depict community
compositional variation in these communities fa tinst time. These maps provide striking
visual support of the argument that community oizgtion is driven by species’ responses to
environmental gradients.

The evolutionary lability of species ecologicalitsasuch as their soil resource niches,
may also affect local tree community structurechiapter three | tested for the presence of
phylogenetic signal (the tendency for close re&ito be more similar) in the local soil resource
and topographic niches of tropical trees by conmggtthe soil and topographic niche overlaps of

trees in the same community to their taxonomicteeliaess. Species belonging to the same genus
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showed significantly higher niche overlap than etpé along at least one environmental axis in
five of the study sites; however, | was not abldétect evidence for phylogenetic signal at the
family level. These results indicate that phylogensignal differs from site to site, and that
phylogenetic signal in local-scale soil resouraghas may be restricted to close relatives.

Soil resource niches and phylogenetic signal ihresburce niches may then be expected
to influence the phylogenetic structure of thesmmnities. In chapter four | examined the
effect of soil resource and topographic variatiarpbylogenetic community structure using
phylogenetic beta diversity, which measures theallphylogenetic relatedness of two
community samples. | used distance-based redundaradysis to test for effects of soil resource
and topographic variation on phylogenetic betamdiiyg and found that both significantly
affected phylogenetic community structure. Furth@emnrelationships between soil and
phylogenetic beta diversity reflected patternstoflpgenetic signal in soil resource niches found
in chapter three: sites that showed evidence fgloglenetic signal in soil resource niches also
show a relationship between soil and phylogenetta diversity.

Finally, in chapter five | investigated possiblechanisms by which soil resources may
shape ecosystem-level variation in foliar nutrieRt®vious biogeochemical research in tropical
forests has found ecosystem differences in folisrients related to soil type and soil nutrient
concentrations. However, because intensive samplithgn any one species had not been done,
intraspecific variation in foliar nutrients alongilsresource gradients was entirely unknown.
Therefore it was not known whether ecosystem-leaghtion in foliar nutrients along soil
gradients is caused by species turnover alonggsadients or intraspecific changes in foliar
chemistry, or both. | investigated intraspecificiaion in foliar nutrients for multiple species
along six key soil resource gradients within therB& olorado Island 50-ha plot. | found that

foliar nutrients were generally not related to smitrient concentrations within a species,
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although the power to detect modest correlatiors lax&. Because species-specific foliar
nutrient profiles were found to be highly conseraémhg soil nutrient gradients, this suggests
that observed ecosystem-level variation in foliairients along soil resource gradients is driven
by species compositional turnover, rather tharasgecific variation in foliar nutrients.
Furthermore, this analysis provided insight inte soichiometry of tropical trees, suggesting
that they generally have rigid nutrient requirersehat are relatively invariant within a species.
This study recommends future research focusinglating species-specific foliar chemistry to

species’ soil resource associations.

FUTURE DIRECTIONS

There is a great deal of work that remains to beedo order to better understand soil
resource niches, how they arise, how they areelat species stoichiometry, and how they
influence spatial patterns of biodiversity and l@oghemical processes. My dissertation work
has highlighted the importance of small-scale isburce and topographic heterogeneity in
shaping community compositional and phylogenetigecstire, and provided insight into one
aspect of spatial variation in leaf chemistry aleog resource gradients. However, a large
amount of work lies ahead to test resource theofiesexistence that link environmental niche
partitioning to species coexistence and biodiversitirther, we are lacking a mechanistic
understanding of how soil resource niches ariseudtiple levels, from individual tree growth
and mortality responses along soil resource gréliémspecies’ stoichiometric requirements, to
site biogeochemistry and how this determines muttimitation and thus soil resource niche
axes. Successful research along this path hasothatf@al to connect ecosystem biogeochemistry

to species’ niches and to species coexistenceiadd/érsity.
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Distance-based RDA

For the distance-based RDA (Legendre & Anders@®) Principal coordinate analysis
was performed on the square-root transformed Brayi€Cdistance matrix to create a Euclidian
representation of quadrat relationships. Bray-Gudistances were square-root transformed to
allow distance relationships to be fully represdnteEuclidian space (i.e., eliminate negative
eigenvalues; Legendre & Legendre 1998). The praia@pordinates were then submitted to
variation partitioning with RDA. The Euclidian déstces among quadrats preserved by the RDA
are thus equal to the square-root of the Bray-€diistance.

The variation partitioning results for the distarizased RDA using square-root
transformed Bray-Curtis distances are presentéabies A.1 and A.2. For comparison, the
variation explained by each of the two variationtigianing methods (distance-based RDA and
plain RDA) are plotted in figure A.3. In generdletmagnitude of the explained variation
fraction was larger when based on the plain RDA thhen based on the distance-based RDA.
However, the results were highly correlated betwibertwo methods (figure A.3). Based on
these results, | concluded that the relative size¢lke explained variation fractions were robust to
the method used to calculate them. My results l@lgialight the fact that the proportion of
variation found to be explained by a set of explarnyavariables depends heavily on the method

of canonical analysis chosen.

Plot size
To test for the robustness of my results to pglk,d split each of the five 50-ha plots in

half and recalculated the variation partitioningukés for each of the 25-ha halves. The variation
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partitioning results for both halves of the 50-hatpare presented in tables A.3 and A.4. In
general, the proportion of variation explained gy €nvironment was slightly greater, and the
proportion of variation explained by spatial vategwas slightly smaller, for the 25-ha
subsections than for the entire 50-ha plots. Howekese differences were very small (1-3
percent of the total variation, comparing the ager@alue for the two 25-ha subplots to the
value from the 50-ha plot). This difference is Usul@ss than the differences among variation
fractions within the same plot, or among the saar@tion fraction at different plots. These
effects do not change the overall interpretatiothefresults, in terms of the relative importance
of different sets of variables. However, it is wortoting that in my analysis, | found a slight
tendency toward greater spatial variation and éessronmental variation with larger plot size
within the same plot. More extreme differenceslot pize may result in larger biases that need

to be factored into variation partitioning analyses

84



Table A.1. Variation partitioning results for sgdtvariables and the total set of environmental
variables from a distance-based RDA using squarsetransformed Bray-Curtis distances
among subplots. Total = the proportion of variatxplained by both spatial and environmental
variables combined, Space = the proportion expthimespatial variables, Env. = the proportion
explained by environmental variables, Space|Ertae=pure spatial component, Overlap = the
spatially structured environmental component, and.[Space = the pure environmental
component.

Total Space Env. Space|Env. Overlap Env.|Space
BCI 0.26 0.26 0.13 0.13 0.13 0.00
Huai Kha Khaeng 0.23 0.22 0.09 0.13 0.09 0.00
Khao Chong 0.31 0.30 0.18 0.13 0.18 0.00
Korup 0.41 0.41 0.22 0.20 0.21 0.01
La Planada 0.17 0.16 0.08 0.09 0.07 0.01
Pasoh 0.22 0.21 0.10 0.12 0.10 0.00
Sinharaja 0.47 0.46 0.26 0.21 0.25 0.01
Yasuni 0.20 0.20 0.10 0.10 0.10 0.00

Table A.2. Variation partitioning results for sgatior soil and topographic variables from a
distance-based RDA using square-root transformegi-Burtis distances among subplots. Total
Env. = the proportion of variation explained byHbsbil and topographic variables combined,
Soil = the proportion explained by soil variabl&spo. = the proportion explained by
topographic variables, Soil|Topo. = the pure soihponent, Overlap = the topographically
structured soil component, and Topo.|Soil = thespapographic component.

Total Env. Soil Topo. Soil|Topo. Overalap Topo.|Soil
BCI 0.13 0.11 0.07 0.06 0.05 0.02
Huai Kha Khaeng 0.09 0.07 0.06 0.03 0.04 0.02
Khao Chong 0.18 0.15 0.10 0.08 0.06 0.04
Korup 0.22 0.17 0.17 0.05 0.12 0.05
La Planada 0.08 0.06 0.04 0.04 0.02 0.02
Pasoh 0.10 0.08 0.05 0.04 0.04 0.02
Sinharaja 0.26 0.15 0.21 0.05 0.10 0.11
Yasuni 0.10 0.07 0.06 0.04 0.03 0.03
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Table A.3. Variation partitioning results for sgadtvariables and the total set of environmental
variables from the two 25-ha subplots created lyimgeach of the five 50-ha plots. Total = the
proportion of variation explained by both spatiati@nvironmental variables combined, Space =
the proportion explained by spatial variables, Enthe proportion explained by environmental
variables, Space|Env. = the pure spatial compo@amlap = the spatially structured
environmental component, and Env.|Space = thegruieonmental component.

Total Space Env. Spacel|Env. Overlap Env.|Space
BCI 0.54/0.49 055/049 0.27/028 0.27/0.21 0.28/0.28 0.00/0.00
Huai Kha Khaeng 0.44/0.50 0.37/0.48 0.18/0.16 0.25/0.34 0.12/0.14 0.06/0.02
Korup 0.73/0.70 0.72/0.68 0.42/0.37 0.31/0.33 041/0.35 0.01/0.01
Pasoh 0.47/0.45 0.46/0.44 0.24/021 0.23/0.24 0.23/0.20 0.01/0.01
Yasuni 0.47/0.49 0.46/048 0.26/0.27 0.21/0.22 0.25/0.26 0.01/0.01

Table A.4. Variation partitioning results for samd topographic variables from the two 25-ha
subplots created by halving each of the five S5@liogs. Total Env. = the proportion of variation
explained by both soil and topographic variablaslgimed, Soil = the proportion explained by
soil variables, Topo. = the proportion explaineddyyographic variables, Soil|Topo. = the pure
soil component, Overlap = the topographically stied soil component, and Topo.|Soil = the
pure topographic component.

Total Env. Soil Topo. Soil|Topo. Overalap Topo.|Sall
BCI 0.27/0.28 0.22/0.24 0.16/0.16 0.11/0.12 0.11/0.13 0.05/0.04
Huai Kha Khaeng 0.18/0.16 0.15/0.11 0.09/0.11 0.10/0.06 0.05/0.05 0.03/0.05
Korup 0.42/0.37 0.26/0.27 0.31/0.25 0.11/0.12 0.15/0.15 0.16/0.10
Pasoh 0.24/0.21 0.21/0.18 0.11/0.11 0.13/0.10 0.08/0.07 0.03/0.04
Yasuni 0.26/0.27 0.21/0.22 0.13/0.15 0.14/0.13 0.08/0.10 0.05/0.05
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Figure A.1. The cumulative proportion of varianeglained (cumulative adjusted?Rwith increasing number of variables included in
RDA model from the forward selection of variablesfprmed separately for the sets of soil and topolgic variables. Variables
accumulate in the order of decreasing importanceanance explained. Red represents soil variadoheisblack represents topographic
variables.
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A. Huai Kha Khaen

B. Khao Chon| /

Figure A.2. Beta diversity maps along with elevatinaps for the two Thai study sites: A) Huai
Kha Khaeng, and B) Khao Chong.
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Figure A.3. The proportion of variation explaineaatlated using plain RDA and using
distance-based RDA based on square-root transfoBragdCurtis distances among quadrats.
The results are given for five explained variati@ctions: total variation explained and the
variation explained by spatial, environmental, saild topographic variables.
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Table B.1. The loadings of each soil variable veiith of the first two PC axes and the total
variance explained by the two PC axes combined.

BCI La Planada

PC1 PC2 PC1 PC2
Al 0.26 -0.64 Al 0.10 -0.66
Ca -0.46 -0.11 Ca 0.44 0.14
K -0.45 -0.11 K 0.47 0.00
Mg -0.43 -0.11 Mg 0.47 0.08
Mn -0.31 -0.28 Mn -0.09 0.61
Nmin -0.35 0.00 Nmin 0.11 0.27
P 0.08 -0.69 P 0.43 0.20
pH -0.32 0.05 pH -0.39 0.25
Variance explained: 69% Variance explained: 68%
Huai Kha
Khaeng Pasoh

PC1 PC2 PC1 PC2
Al -0.33 0.60 Al 0.31 0.51
Ca -0.47 0.15 Ca 0.50 -0.15
K -0.50 -0.12 K 0.45 0.22
Mg -0.39 -0.18 Mg 0.53 -0.25
Mn -0.23 -0.43 Mn 0.27 -0.66
P -0.29 0.43 P 0.30 0.41
pH -0.36 -0.45 Variance explained: 69%
Variance explained: 67%

Sinharaja

Khao Chong PC1 PC2

PC1 PC2 Al -0.51 0.22
Al -0.09 0.77 Ca -0.49 -0.49
Ca -0.43 -0.08 K -0.55 -0.32
K -0.43 0.25 P -0.36 0.29
Mg -0.41 0.28 pH 0.27 -0.72
Mn -0.43 -0.11 Variance explained: 67%
P -0.29 -0.46
pH -0.43 -0.20 Yasuni
Variance explained: 81% PC1 PC2

Al -0.39 0.04

Korup Ca 0.51 0.23

PC1 PC2 K 0.26 -0.45
Al 0.21 0.93 Mg 0.44 0.30
Ca -0.46 0.00 Mn 0.14 -0.59
K -0.43 0.10 Nmin -0.22 0.50
Mg -0.46 0.08 P 0.05 0.21
Mn -0.45 -0.04 pH 0.51 0.13
P -0.39 0.34 Variance explained: 58%
Variance explained: 87%
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Table B.2. Exact Mantel r values and significaraethie genus level Mantel tests for (A) soil PC
axes and (B) topographic variables. Positive \alodicate that members of the same genus
have higher niche overlap than members of diffegemera. Bold font indicates significanee (
= 0.025 for each tail of a two-sided test).

(A)

(B)

PC1 PC2

Study site Mantelr Pvalue Mantelr P value
BCI -0.0184 0.879 0.0268  0.019
Huai Kha Khaeng 0.0224 0.122 0.017 0.202
Khao Chong 0.0283  0.013 0.0517 <0.001
Kroup -0.0057 0.684 -0.0038  0.623
La Planada 0.0119 0.291 0.0121 0.314
Pasoh -0.0028 0.63 0.0178  0.013
Sinharaja 0.0409  0.007 0.0287 0.031
Yasuni 0.0059 0.174 0.0040 0.303

Elevation Slope Convexity
Study site Mantelr Pvalue Mantelr P value Mantel r P value
BCI 0.0211 0.077 0.0077 0.338 0.0109 0.236
Huai Kha Khaeng 0.0167 0.202 0.0218 0.124 0.0198.154
Khao Chong 0.0033 0.404 -0.0008 0.541 0.0296 0.008
Korup -0.0107  0.803 -0.0007  0.527 0.0048 0.366
La Planada 0.0194 0.172 0.0246 0.105 0.0347 0.024
Pasoh 0.0117 0.075 0.0203  0.003 -0.0021  0.607
Sinharaja 0.0228 0.084 0.0206 0.110 0.0329 0.021
Yasuni 0.0041 0.259 0.0009 0.450 0.0070 0.126
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Table B.3. Exact Mantel r values and significaraefamily level Mantel tests for (a) soil PC

axes and (b) topographic variables. Positive \windicate that members of the same family
have higher niche overlap than members of diffefamilies. Bold font indicates significance
(o0 = 0.025 for each tail of a two-sided test).

(A) PC1 PC2
Study site Mantelr P value Mantel r P value
BCI -0.0178  0.792 0.037 0.033
Huai Kha Khaeng -0.0102  0.648 -0.0417  0.937
Khao Chong 0.0399  0.003 0.0537 <0.001
Kroup 0.0129 0.163 -0.0051 0.63
La Planada -0.055 0.979 -0.0517  0.957
Pasoh -0.0098 0.868 0.0021 0.398
Sinharaja 0.0257 0.055 0.03 0.022
Yasuni 0.0128 0.032 0.0029 0.366

(B) Elevation Slope Convexity
Study site Mantelr P value Mantel r P value nkdéhr P value
BCI 0.0268 0.104 0.0205 0.173 0.0188 0.184
Huai Kha Khaeng -0.0250 0.815 0.0081 0.385 -20420.935
Khao Chong 0.0384  0.006 0.0311  0.022 0.0491 <0.001
Korup 0.0135 0.158 0.0187 0.090 0.0207 0.082
La Planada -0.0336  0.879 -0.0081  0.628 -0.0397 9030.
Pasoh -0.0014  0.563 0.0055 0.253 -0.0202  0.989
Sinharaja 0.0253 0.054 0.0114 0.238 0.0166 0.136
Yasuni 0.0126 0.029 0.0146  0.020 0.0131 0.022
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