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ABSTRACT OF THE DISSERTATION
A FUNCTIONAL TRAIT APPROACH TO EXAMINE PLANT COMMUNITY
DYNAMICS IN SOUTH FLORIDA HARDWOOD HAMMOCK FORESTS
by
Suresh Chandra Subedi
Florida International University, 2017
Miami, Florida
Professor Michael Ross, Major Professor
The tropical hardwood forests of south Florida persist as well-drained patches of
broadleaf forest separated by brackish water swamp, marsh, or pineland. In this
dissertation, a functional trait approach was used to understand the structure and
dynamics of these communities and their responses to abiotic and biotic variation.
Twenty-seven permanent plots (20 x 20 m?) were established across the south Florida
landscape, representing four sub-regions: Everglades marsh, Long Pine Key, Upper Keys,
and Lower Keys. Community weighted mean trait values for four of six selected traits
showed significant inter-sub-regional variation. Out of them, three traits (specific leaf
area, tree height, and leaf phosphorus) increased significantly from dry and low
productivity Florida Keys in the south to the moist and productive areas on the south
Florida mainland, while wood density showed the opposite pattern. Trait variance ratios
(T-statistic metrics) was used to explore internal filtering (processes that operate within a
community) and external filtering (processes that operate at larger scale than that of the
individual population or community) on community structure. Both external and internal

filtering in the functional composition of south Florida hardwood hammock forest were



important for local communities differing in freshwater accessibility, or that occupy
different positions along strong edaphic or climatic gradients.

To understand the underlying mechanisms that drive species assembly during
forest succession in Florida dry sub-tropical forest, 13 leaf, stem, reproductive, and
architectural traits of resident tree species across the successional gradient were
measured. Tests of null models showed that younger communities are shaped by
environmentally driven processes, while mature communities are shaped by
competitively driven processes. The overall trait similarities among species present in
North Key Largo tropical dry forest suggest that tree species are specialists on the local
environment, and their ability to survive and grow in a stressful environment may be
more important than competition for resources at larger scale. Moreover, tree species in
these forests may exhibit specialization or trait plasticity in coping with drought by
changes in their stomatal morphology or activity, allowing for a balance between gas
exchange and water loss in a periodically stressful environment. A significant negative
correlation between stomatal density and size, and a positive correlation between leaf
8"3C and stomatal density were observed across habitat gradient for one of the dominant
hardwood hammock species (Bursera simaruba). Small and densely distributed stomates
in tandem seems to represent a strategy that allows hammock species to conserve water
under physiological drought. Furthermore, findings from this work also showed both
intra- and inter-specific trait variation at regional and local scales influence community

assembly patterns in hardwood hammock communities in South Florida.
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CHAPTER 1

INTRODUCTION

One of the fundamental questions in ecology is to understand community
assembly by identifying its underlying mechanisms. Diamond (1975) first coined the
term "assembly rules" to describe the effects of biotic interactions on community
composition (Diamond 1975; Gotzenberger et al. 2012). Wilson and Gitay (1995)
redefined assembly rules as ecological restrictions on the observed patterns of species
presence or abundance that are derived from the presence of one or more other species or
group of species. Basically, two distinct explanations for community assembly are
currently discussed: neutral theory and niche-based theory. According to neutral theory,
communities result from a stochastic balance between dispersal of individuals and local
demography, and niche differences do not influence fitness differences among
individuals (Hubbell 2001; Munoz & Huneman 2016). In contrast, niche theory proposes
that community assembly is determined by niche differences (Keddy 1992). In this view,
the assembly process is assumed to represent the outcome of differing strengths of two
opposing forces: abiotic constraints, or environmental filtering, whereby species are
selected depending on their stress tolerances; and biotic filtering, caused primarily by
competition among species for the same resources (Spasojevic et al. 2014). Niche theory
views biodiversity patterns as deterministic, and seeks to identify differences among
species regarding their environmental requirements and competitive rankings. Any

species' distribution and abundance in each place and time is predictable from its ability



to coexist under local abiotic conditions, in conjunction with biotic effects exerted by
neighbors. In contrast to the deterministic view, neutral concepts question the relevance
of niches. More generally, they assume net ecological equality among species and even
individuals, viewing community composition as the result of a largely stochastic
processes (Hubbell 2001). The functional trait concept that | explore in the dissertation
serves as an alternative to taxonomic, species-based approaches in investigating whether
deterministic or neutral processes are primarily responsible for community assembly
(McGill et al. 2006). By focusing on functional variation rather than taxonomic identities,
recurring patterns are sometimes revealed in situations where species-based approaches
fail because of functional redundancy among species (Messier, McGill & Lechowicz

2010).

1.1 Trait-based community assembly

A trait may be defined as any morphological, physiological or phenological
characteristic, measurable at the individual level or averaged from a collection of
individuals (Shipley 2010), which impacts fitness via its effect on growth, reproduction,
and/or survival (Violle et al. 2007). Plant traits are used to functionally and causally
describe plant responses to environmental factors. As such, plant traits are increasingly
considered key variables needed to generalize regarding plant responses to environmental
factors (e.g., resources or disturbance), plant effects on ecosystem functioning, and
vegetation responses to environment under climate change (Lavorel & Garnier 2002;

Violle et al. 2007; Suding et al. 2008).



On the basis of the observation that plants with similar ecological properties often
share distinct traits, community ecologists have hypothesized that the response of a given
species to abiotic and biotic environments (Weiher, Clarke & Keddy 1998) may be
predictable through a functional trait approach. As a result of its focus on functional
variations rather than taxonomic identities, the functional trait approach can be used to
predict the response of species across environmental gradients. It can help to overcome
the problem exposed by the redundancy of functionally similar species. Therefore, the
functional trait approach can facilitate identification of more marked responses to
environmental factors than is possible when considering taxonomic units (Weiher &
Keddy 1999; Duckworth, Kent & Ramsay 2000; Messier et al. 2010). It may also enable
the formulation of principles more general than species-specific approaches, in that it can
be applied to species and ecosystems different from those examined (Weiher and Keddy

1999).

1.2 Ecological filters

Species composition within a community is often viewed as a product of an
assembly process by which species, via their traits, pass through dispersal (regional),
abiotic (habitat), and biotic (competition) filters (Weiher & Keddy 1995) (Figure 1).
Dispersal is a key component of the community assembly process, as a plant must arrive
at a location first before it can become a member of the community. Seed dispersal is
accomplished by a wide variety of mechanisms, including movement by wind, water,
and dispersal by animals. To a limited extent, seeds are dispersed randomly with respect

to the distribution of environments or communities where a species is most likely to



germinate and successfully establish. Abiotic/environmental filtering is the process that
causes species composition to change along environmental gradients such as light, water
availability, soil fertility, elevation, and latitude. These changes in species identity are
often reflected in changes in the functional traits of species, such that average trait values
across species in the community shift along the gradient. In contrast, biotic interactions
such as competition operate between neighboring individuals, and therefore at small
spatial scales within the community (Holdaway & Sparrow 2006). Competition is
expected to impact community assembly by the failure of species to establish or persist at
a location in the face of competitive interactions for resources.

Recently, however, the traditional paradigm of filtering has been questioned
because these filters are operationally difficult to disentangle (Violle et al. 2012). To
simplify these processes, Violle et al. (2012) proposed a new spatially explicit framework
that comprises two filters: the ‘external’ and ‘internal’ filters (Figure 1). External filter
includes all assembly processes that operate outside the community, whereas the internal
filter includes all that are internal to the community. The external filter conditions sort
species from a regional pool, while the internal filter represents all local processes,
including micro-environmental heterogeneity and density-dependent processes (Chesson
2000; Baraloto et al. 2010). External and internal filtering processes in assembly theory is
able to disentangle the role of both filters in the establishment and persistence of traits
and taxa in the community through the comparison of intra- and inter-specific trait

variation at local and regional scales (Taudiere & Violle 2016).



1.3 Plant trait variation across ecological scales

Plant traits are influenced by their position along a hierarchy of environmental
filters ranging from regional to local factors (Figure 2) (Gillison 2016). Identifying which
scales cause the most variation in traits provides important information regarding the
patterns and processes that are ecologically most critical at that scale (McGill 2008). The
primary factors that drive trait similarities include climate, topography, disturbance, and
edaphic factors (Keddy 1992; Grime 2006a; Mayfield & Levine 2010; Paine et al. 2011).
In contrast, factors that drive trait dissimilarities are mainly competition (Grime 2006a)
and environmental heterogeneity (Cavender-Bares, Keen & Miles 2006). Community
trait similarity increases with increasing environmental variation at the regional scale
(Willis et al. 2010) and with increasing size of the regional pool considered (Swenson et
al. 2006). Trait differentiation mechanisms (e.g., competition) are believed to be
particularly strong at small spatial scales. Maximum competition filtering is expected in
places like tropical rainforests, when the densities of species with large capacities to
capture light, water, or nutrients are high and trait variation among species is large
relative to that within species (Cornelissen et al. 2003). While variation within a
population focuses on differences among individuals in a species resulting from genetic
variation and/or phenotypic plasticity.

Furthermore, different sets of traits may be important with variation in the major
environmental stressor (Lavorel & Garnier 2002). For instance, several studies showed
that communities in regularly disturbed habitats were sorted according to their abilities to
tolerate disturbance (De Bello, Leps & Sebastia 2005; Quétier et al. 2007). In water-

limited systems, species lacking traits associated with the ability to reduce or avoid water



losses are filtered out (Fonseca et al. 2000; Cingolani et al. 2007), and along gradients of
soil resource availability, height and leaf traits are most important (Cornwell & Ackerly

2009).

1.4 Distribution of hardwood hammock communities across the landscape in south
Florida

The research focus of this dissertation concerns the environmental filters and
functional traits that comprise the community assembly process in the tropical dry forests
of south Florida. These forests, colloquially known as hardwood hammocks, are widely
distributed throughout the region, including the coastal barrier islands in Florida Keys as
well as Everglades National Park and adjacent areas on the south Florida mainland. On
the basis of physical, edaphic, climatic, and hydrological conditions, broadly, the whole
region is divided into four main sub-regions: Everglades marsh hammocks, Pine
Rockland, Upper Keys, and Lower Keys (Table 1). On the Florida mainland, numerous
rockland hammocks and those in the Florida Keys (Lower and Upper Keys), are
occupying shallow organic soils above well-drained limestone substrates. The exception
are hammocks embedded in the Everglades peatland itself. Such hammocks are rarely
flooded, but are rooted in deep mineral soils. For example, soil nutrient availability,
particularly phosphorus in Everglades' marsh hammocks is exceptionally high (Ross et
al. 2006; Wetzel et al. 2009) compared with hammock patches in the Florida Keys, while
elevated ground water salinity is a stressor for coastal forests in the Keys that is absent in
the interior Everglades. The Florida Keys are drier than the rest of South Florida, and the
variable proximity of marine waters, warmed by passage of the Gulf Stream, adds further

climatic heterogeneity. Mean annual precipitation decreases from about 1400 mm per



year in the north mainland to 1100 mm in the south Florida Keys (Moses et al. 2013). In
much of the region, the hardwood hammocks are found on shallow soils above limestone
bedrock, where the water-table is typically 0.5 m or more below the surface, and fires are
infrequent.

The existence of geographically-patterned species composition between
hardwood communities across the landscape gives an indication that physical and biotic
conditions in a site filter species from a regional pool. A view of the filtering processes
across this landscape is presented in Figure 3. Species’ success in establishment in local
community is primarily determined by series of filters. Plants are assembled into local
communities from possible colonizers found in the surrounding region. As many
empirical studies have shown that colonization of plants from the regional species pool is
dispersal limited (Myers and Harms 2009). Dispersal is highly patchy and successful
establishment is locally controlled by disturbance and related micro-climatic conditions.
Hammock forests in South Florida, most tree species are fleshy-fruited, and likely to be
dispersed by birds and small animals (Ross et al. 2016); the mobility of birds allows
seeds to be relatively well-distributed across the landscape. Habitat filtering restricts
species occurrence and is one of the most important factors in determining the local
context of species occurrence at a sub-regional and community level (Reitalu et al. 2008).
Species interactions (i.e., the biotic or competition filter) can strongly affect assembly
rules control on the composition of communities (Fargione, Brown & Tilman 2003).
Together, dispersal limitation and habitat filtering can initially determine which species
arrive at a particular site, while processes like competition, causing limiting similarity,

will determine species persistence (Marteinsdottir & Eriksson 2014). The hypotheses



tested in this dissertation are predicted on the expected that the subtropical forests of

southern Florida are defined by these types of regional and patch-specific processes.

1.5 Organization of the dissertation

The dissertation is focused on patterns of community composition and spatial change
in terms of functional traits, thereby providing insight into pertinent questions regarding
the mechanisms underlying the current assemblages of hardwood hammock tree
communities in south Florida. Broadly, the intent of the dissertation is to discern how the
hardwood hammock communities are structured, and what drives changes in species
composition during forest formation at local and regional scales. A second objective of
this study is to investigate evidence for variation in trait-based community assembly
patterns among the sub-regions of South Florida hardwood hammaock forests.

Following this introduction, the dissertation is organized as three chapters
(chapters 2-4), which are in manuscript format for submission to peer-reviewed scientific
journals. References are placed after the concluding chapter (Chapter 5) and are in the
format specified by the Functional Ecology journal. Author guidelines for reference
format followed the “Functional Ecology” journal, which can be found in Appendix B.
Chapter 5 summarizes the overall conclusions from chapters 2 through 4.

In Chapter 2 (to be submitted in journal of Vegetation Science), community
assembly patterns of tropical hardwood hammock forest in four sub-regions of South
Florida: the pine rocklands and interior marshes of Everglades National Park; the Florida
Keys bordering on Florida Bay; and the hammocks of North Key Largo are analyzed.

Considering the strong environmental variation among these sub-regions, trait variation



across the sub-regions is examined. Patterns of trait-variation at various levels
(individual, population, and community) are evaluated to test hypotheses related to the
processes driving community assembly across sub-regions.

The focus of Chapter 3 (to be submitted to the Journal of Vegetation Science) is
to understand the underlying mechanisms that drive species assembly during forest
succession in Florida dry sub-tropical forest. Three primary research questions are
addressed: a) How is variation distributed among inter and intra-specific levels during
forest succession in Florida dry tropical forest? b) Is there any pattern in community
weighted mean traits across the successional gradient? c) What is the underlying
mechanism that drives species assembly during forest succession in Florida dry tropical
forest? By decomposing the trait variation across ecological scales (community, species,
individual), the dynamics of species response to environmental changes may be better
understood. Moreover, comparisons of multiple trait patterns along an environmental
gradient may advance understanding of the role of community assembly processes such
as environmental filtering and competition (Spasojevic & Suding 2012).

Chapter 4 (reviewed in Functional Plant Biology) examines variation in a rarely
explored set of functional traits in a single species, Bursera simaruba, found commonly
throughout the Florida Keys. It focuses on two questions: a) How is the variance in
stomatal traits (size and density) of B. simaruba partitioned across a hierarchy of
organizational levels? and b) At the site level, does variation in B. simaruba stomatal
traits reflect physiological stress expressed across the habitat gradient of Florida Keys
forests? Stomatal size and density in this widespread canopy occupant are examined.

Differences in environmental conditions such as elevation, geology, and groundwater



salinity are analyzed to determine the variation in stomatal structure and physiological
stress, as reflected by carbon isotope ratios. VVariance in stomatal traits across a hierarchy
of scales - site, tree, and leaf levels - are employed to identify the cross-scale processes
that are ecologically most important.

Chapter 5 summarizes three chapters 2-4. Here, overall findings of the
dissertation are analyzed by revisiting the objectives and questions posed in each chapter.
To conclude, future work is identified, which are most needed to complement the overall
contribution of the dissertation in ecological theory and management of dry tropical

forest.
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Table 1 Comparisons of potential environmental filters across sub-regions in south

Florida.
Environmental | Marsh Long Upper Keys | Lower
variables hammocks in Pine Key Keys

Everglades

Precipitation | High High Intermediate | Low
Soil High Low Low Low
Phosphorus
Moisture High Low Low Low
retention
Storm surge Low Low Intermediate | High
frequency
Soil depth High Low Low Low
GW salinity Low Low High Intermediate

11
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Figure 1 Different processes that might produce assembly rules.

Figure 1 shows the different processes that might produce assembly rules and the
relative scales at which they are most influential (adapted from Weiher and Keddy 1995).
At a given local site the species pool constitutes species from the regional species pool
that can disperse there (dispersal assembly). At the local site, habitat filtering and biotic
interactions define the actual assemblage of plant species (ecological assembly). External
filter includes all assembly processes outside the community, whereas the internal filter
includes all of the assembly processes internal to the community (Violle et al. 2012).
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CHAPTER 2

Evidence for trait-based community assembly patterns in South Florida hardwood
hammocks

(To be submitted to the Journal of Vegetation Science)
Abstract
The tropical hardwood forests of south Florida persist as well-drained patches of
broadleaf forest separated by brackish water swamp, marsh, or pineland. The functional
trait approach is useful in understanding the structure and dynamics of these communities
and their responses to abiotic and biotic variation. The present study is designed to
examine community assembly patterns of tropical hardwood hammaock forest in four sub-
regions of South Florida: the pine rocklands and the interior marshes of Everglades
National Park; the Florida Keys bordering on Florida Bay; and the hammocks of North
Key Largo. Considering the strong environmental variation among these sub-regions, it is
hypothesized that environmental filters play an important role in community assembly
along a bioclimatic gradient from the relatively dry and unproductive Florida Keys in the
south to the moist and productive areas on the south Florida mainland. Patterns of trait-
variation at various levels (individual, population, and community) were explored to
evaluate broad hypotheses related to the processes driving community assembly across
sub-regions. Trait variance ratios (T-statistic metrics) were used to explore internal
filtering (processes that operate at a local scale such as competition and micro-
environmental heterogeneity) and external filtering (processes that operate at larger scale
than that of the individual population or community, such as climate and regional

geology) on community structure in each sub-region. Community weighted mean trait
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values for four of six selected traits showed significant inter-sub-regional variation. Three
traits (specific leaf area, tree height, and leaf phosphorus) increased significantly from
dry and low productive Florida Keys in the south to the moist and productive areas on the
south Florida mainland, while wood density showed the opposite pattern. A strong
internal filtering that was observed within all sub-regions may be the result of variation in
inter-specific competition for limiting resources within a community. Significant
environmental filtering was also observed at the individual level, possibly a consequence
of variation in water, light, and nutrient availability between sub-regions; within a
species, only those individuals with traits matching the local conditions should
successfully establish under a community’s external filters. Therefore, both external and
internal filtering in the functional composition of south Florida hardwood hammock
forest are important for local communities differing in freshwater accessibility, or that
occupy different positions along strong edaphic or climatic gradients.

Keywords: Community assembly, environmental filtering, internal filtering, hardwood

hammock, T-statistics, south Florida

2.1 Introduction

Functional traits result from interactions of individuals with abiotic and biotic
factors (Diaz & Cabido 2001; Violle et al. 2007). Study of functional traits is useful in
understanding the structure and dynamics of vegetation as well as plant community
responses to changes in abiotic and biotic factors (Lavorel & Garnier 2002; Kunstler et
al. 2016). Ecologists are interested in understanding the link between the spatial

distribution of trait values and community assembly patterns (Anderson et al. 2011).
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Functional traits and their associated metrics have been used to quantify plant community
assembly processes across temporal (Enquist et al. 2015), climatic (Hulshof et al. 2013),
elevational (Korner 2007; Bryant et al. 2008), latitudinal (Swenson et al. 2012; Lamanna
et al. 2014; Lawson & Weir 2014), and compositional gradients (Marques et al. 2000).
Violle et al. (2012) introduced the concept of external (environmental) and internal filters
(competition) to explore trait variation across hierarchical levels, i.e., individual,
population, community, and region. External and internal filters are involved in processes
operating at different spatial extents. External filters are processes that operate at a scale
larger than that of the individual population or community (Violle et al. 2012), and tend
to decrease local trait variation. For example, climatic conditions are generally an
external filter that may select for a set of physiological traits for an entire population.
Internal filters are processes that operate within populations or community and increase
local trait variation (Violle et al. 2012). For example, competition for resources (water,
nutrients, light) and micro-environmental heterogeneity are internal filters that may
increase resource variation within a population or community. If external filters are the
dominant process governing a given trait, species will have low trait variation within
populations. In contrast, if internal filters predominantly determine trait values, species
will have high within-population trait variation and functional diversity within
communities will be high.

The dry tropical forests of south Florida (locally called hammocks) are considered
a part of the Caribbean biodiversity hotspot (Tomlinson 1980), and persist today as
patches separated by various ecosystems such as brackish water wetlands, fresh water

marshes, and rockland pine forests. On the basis of presence/absence data from
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hammocks across a substantial portion of the region, tree composition in these hammocks
exhibit a nested structure with clumped range boundaries, i.e., nestedness changes in
successive jumps across sub-regions (Ross et al. 2016) that differ sharply in environment.
For example, soil nutrient availability in Everglades' marsh hammocks is exceptionally
high (Ross et al. 2006; Wetzel et al. 2009; Hanan & Ross 2010; Ross & Sah 2011)
compared with hammock patches in the Florida Keys, while elevated ground water
salinity is a stressor for coastal forests in the Keys that is absent in the interior
Everglades. When environmental conditions change across sub-regions, most individuals
in communities with low trait variation may respond similarly, and population size may
change suddenly and dramatically. Alternatively, when a population with greater trait
variation experiences the same change in environmental conditions, only some
individuals may respond, and population fluctuations will be less pronounced (Bolnick et
al. 2011). Despite the recognition that intra-specific variation is a key parameter in
explaining a population’s resilience to environmental changes and its ability to coexist
and compete with its neighbors (Albert et al. 2010; Jung et al. 2010), few studies have
proposed combining intra- and inter-specific variability to understand diversity patterns
across local and regional spatial scales (Paine et al. 2011; Hulshof et al. 2013; Le
Bagousse-Pinguet et al. 2014). Moreover, while studies have examined compositional
variation among south Florida hardwood hammocks (e.g., Ross et al, 2016; Armentano et
al. 2002), no studies have addressed trait variation in relation to external and internal
drivers. To my knowledge, this study is the first to use trait variation to explore
community assembly across multiple sites and regions with different environmental

conditions within the sub-tropical dry forests of Southeast United States.
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To assess trait variance, six important traits (specific leaf area, wood density,
height, leaf nitrogen, leaf phosphorus, and leaf 8*3C) of the sub-tropical dry forest were
measured across a range of south Florida landscapes. Specifically, I chose forests within
four sub-regions (1) marsh tree island hammocks in Everglades National Park
(Everglades), (2) Pine Rockland hammocks in Long Pine Key (LPK), (3) hammocks in
North Key Largo (NKL), and 4) hammocks in the lower and middle Florida Keys (Lower
Keys). Patterns of trait-variation at various levels (individual, population, and
community) were explored to evaluate broad hypotheses related to the processes driving
community assembly across sub-regions. Considering the strong environmental variation
across the study area, environmental (external) filters expected to play an important role
in community assembly, extending from relatively unproductive coastal Florida Keys
sites in the south to more productive marsh tree islands in the north. Since species
richness is greater in coastal and pine-rockland hardwood hammocks than in Everglades
hammocks (Ross et al. 2016), and thus more competitors are involved in the assembly

process.

2.2 Methods and materials
2.2.1 Study site

The study took place in the Florida Keys and Everglades National Park in the
southeastern portion of peninsular Florida. Hardwood hammocks are widely distributed
throughout the region, including the coastal barrier islands as well as Everglades National
Park and adjacent areas on the south Florida mainland. In general, these hammocks

occupy shallow soil above well-drained limestone substrates and are rarely flooded.
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Numerous hammocks are embedded in various habitat matrices, such as pinelands,
freshwater marshes, and coastal wetlands (Figure 4). Hardwood hammock patches, which
are distinct features in the Everglades, occur as either individual forest fragments
surrounded by marsh or as part of a larger forested tree patch, in combination with a
range of swamp forest types (Ross et al. 2006). In the latter case, hardwood hammocks
usually occupy less than 1000 m? in the heads of the tree islands, while the entire tree
island may sometimes encompass ten hectares or more. Hardwood hammocks are also a
common feature in pine forests dominated by slash pine (Pinus elliotti var densa), which
once occupied uplands throughout the Atlantic Coastal Ridge, but today are most
common on Long Pine Key (LPK) in Everglades National Park. Hardwood hammock
forests are also present in the Florida Keys which is a chain of limestone islands that
begins in Biscayne National Park and arcs west-southwest to Key West (Ross, Coultas &
Hsieh 2003). The size of hammock patches in Florida Keys also varies widely; among the
largest is the continuous forest occupying an elongated, about 15-km stretch in northern
Key Largo (NKL) in the upper Florida Keys (Ross et al. 2001).
2.2.2 Trait Selection

Previous trait-based studies identified physiological and morphological traits that
are strongly associated with plant growth and survival (Fonseca et al. 2000). Numerous
traits have been employed because of a presumption that they were important for plant
performance and represented relatively independent aspects of plant ecological strategy.
Among these, six traits - specific leaf area (SLA), wood density (WD), maximum canopy
height at maturity (HT), leaf nitrogen (TN), leaf phosphorus (TP), and leaf stable carbon

isotope ratio (5"°C, representing the overall physiology of species in forests) - encompass
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many of the aspects of woody plant strategy (Westoby et al. 2002; Kraft, Valencia &
Ackerly 2008). The importance of each of these traits is summarized in Table 2.
2.2.3 Study design and trait measurement

Twenty-two permanent plots (20 x 20 m?®) were established across the south
Florida landscape, representing four sub-regions (Figure 4). All trees greater than 1 cm
DBH were included in the data set, but canopy height measurements were done only for
trees greater than 5 cm DBH. Tree height was measured using a telescoping height pole
to determine the shortest distance between the upper boundary of the main photosynthetic
tissues on the plant and ground level (Cornelissen et al. 2003, Pérez-Harguindeguy et al.
2013). For leaf and wood traits (SLA, TN, TP, '*C, and WD), 3-5 replicates were taken
from separate individuals of each species present in each plot. For leaf trait sampling,
recently expanded sun leaves were sampled when possible, but in cases of understory
species, the most illuminated leaves on the plant were sampled (Cornwell and Ackerly
2009). Specific leaf area (SLA, leaf area per unit mass) was quantified with a leaf area
meter on leaves brought directly from the field to the lab, dried at 70°C for three days,
and weighed. Wood density (WD) determined from 1-2 cm DBH branch samples was
calculated as the oven-dry mass of the sample divided by the mass of water displaced by
its fresh (green) volume (Chave et al. 2006). Carbon isotope ratio (5'*C), leaf phosphorus
content (TP), and leaf nitrogen content (TN) were obtained for each leaf measured for
SLA. In general, measurements of plant traits followed well-established methods

described by Pérez-Harguindeguy et al. (2013).
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2.2.4 Environmental variables

To capture the variation in environmental variables across the landscape and
between sites, as well as to account for correlation among variables, | applied a principal
component analysis to eight variables: ground water salinity, ground water depth relative
to the surface, soil depth, soil nitrogen, soil phosphorus, soil pH, soil organic matter, soil
bulk density. Among these, soil depth was measured at 20 equidistant locations along a
20 m transect laid out through the middle of the permanent plot by probing to bedrock
with a metal rod. For many Florida Keys’ sites, ground water level, soil organic matter,
bulk density, nitrogen, phosphorus, pH and groundwater salinity data were acquired from
an earlier study by Ross et al. (2003). The same environmental data were acquired for
marsh hammock sites by Ross and Sah (2011). Unfortunately, for a few sites (three in the
Florida Keys and five in Long Pine Key), similar environmental data were not available.
Thus, those sites were excluded from trait-environment relationship analysis. Altogether,
14 sites were used to represent the stress-productivity gradient, from dry and less
productive forests (Florida Keys) to moist and more productive (marsh hammocks) (Ross
et al. 2003; Ross & Sah 2011).

2.2.5 Statistical analysis

2.2.5.1 Community-weighted trait means
To compare traits across sites, while accounting for species abundance, | used

community-weighted means (CWM) (Violle et al. 2007; Hulshof et al. 2013):

CWM, = Z w,fi
S
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where p = plot, s = species, and ; and f; are the mean trait value and relative abundance
of the species i (proportion of total tree density).

The CWM trait values were then compared across sub-regions, and linear
regression analyses were performed to relate CWM traits and site-environmental
parameters (site scores from principal component analysis). Significance was calculated

using a Mantel test (R package vegan).

2.2.5.2 Community assembly analysis across the hierarchical levels

A suite of functional trait metrics exist in the literature (Aiba et al. 2013), but T-
statistics (“T” referring to traits) were used in this study, which are based on variance
ratios that account for intra-specific variation relative to inter-specific variation (Violle et
al. 2012). Since the relative importance of intra- and inter-specific trait variation is a key
parameter of species coexistence, these variance ratios can test for internal and external
filtering in a given community at different spatial and organizational scales (e.g.,
individual, species, whole community).

In this method, three T-statistics T_IP.IC, T_IC.IR, and T_PC.PR were calculated
for each region and community, where I, P, C, and R represent individual, population,
community, and region respectively. The T_IP.IC (c%p/c?c) is the ratio of trait variance
within single species (population) to the total variance of the community over all species;
T_IC.IR (c%c/or) is the ratio of trait variance of all individuals in a community to the
total variance in the regional pool; and T_PC.PR (c%c/c%g) is the ratio of community-
wide species variance to total variance in the regional species pool (inter-specific

variance).
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Statistics T_IP.IC measures the strength of internal filters; that is, how strongly
local processes, such as micro-environmental heterogeneity or density-dependent
processes, act on community assembly. A completely non-overlapping trait niche would
lead to a T_IP.IC close to 0, while if community assembly occurs randomly in a
community, T_IP.IC tends to be close to 1. In contrast, T_IC.IR and T_PC.PR, measure
the strength of external filters in the community at individual and species level,
respectively. Statistics T_IC.IR considers the trait values of all individuals in the
community and in the regional pool at the individual level, regardless of species identity,
whereas T_PC.PR considers species (population) means within communities and the
regional pool. When T_IC.IR and T_PC.PR are close to 1, the community variance, is
high in comparison to the total variance, indicative of relatively little external filtering
(e.g. climatic constraints). Conversely, T_IC.IR and T_PC.PR close to 0 suggest that
community collectively is strongly filtered by either abiotic stress or environmental
filtering.

To determine the significance of the T-statistics, results from four sub-regions
were compared to null models generated within the ‘cati’ package, using standardized

effect sizes (SES), calculated as,

SES= (lobs'lsim)/ Gsim

where lqps IS the observed trait value, Ly is the mean of simulated trait values calculated
with the null model and o, IS the standard deviation of these simulated values (999

randomizations) (Table 3).
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2.3 Results
2.3.1 Species diversity across the four sub-regions

Species diversity varied by sub-region (Figure 5). Species diversity throughout
the Florida Keys and Long Pine Key was high, while very few species were present in
Everglades marsh hammocks. At the community (plot) level, species diversity exhibited a
similar pattern of variation among sub-regions (Figure 5).
2.3.2 Variation in community trait means along the gradient

Principal component analysis (PCA) of the eight environmental variables
demonstrated the overwhelming strength of the first component, which explained 47% of
the variation (Table 4). High positive or negative weightings on the first axis of PCA
were shared by all variables except soil nitrogen, which had a strong positive weighting
on Axis 2. Along Axis 1, which represents the dominant environmental gradient based on
ground elevation, soil depth, soil phosphorus, ground water salinity, and soil pH, Lower
Keys and North Key Largo sites are on the left side while Everglades sites are on the
right (Figure 6). Axis 2, defined by soil nitrogen and bulk density, distinguishes the
single Long Pine Key location from the other sites. Overall, the ordination displays a
gradient from dry and low productive (Lower Keys) to moist and high productive sites
(Everglades hammocks). Florida Keys sites have higher ground water salinity and lower
soil depth, pH, and phosphorus concentrations than hammocks in the Everglades marshes
(Table 5). Furthermore, low elevation forests in some Florida Keys locations may
experience water stress because of the proximity of brackish groundwater.

Community-weighted mean (CWM) traits showed significant trends along the

environmental gradient for four of the six tested traits; the exceptions were leaf nitrogen
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(TN) and 8™*C (Figure 7-12). The CWM of SLA, HT, and leaf phosphorus (TP) increased
(Figure 7, 9, and 12), while that of WD decreased significantly from dry and low-
resource sites (Florida Keys) to high resource sites in Everglades hammocks (Figure 8).
2.3.3 Comparison of community weighted traits across regions

The four sub-regions varied in their CWM trait values (Figure 13). Analysis of
variance showed that CWM trait values of four of the six measured traits, i.e., SLA, HT,
WD and TP, differed significantly across sub-regions (One way ANOVA, p<0.05).
Specific leaf area in Lower Keys hammocks was lower than in the other three sub-
regions. Concurrently, marsh hammocks in tree islands of the interior Everglades stood
out in their low WD and high TP; in fact, CWM leaf TP in these islands was more than
twice as high as in the next highest sub-region (Figure 13).
2.3.4 Community assembly

The departure of the T-statistics from the randomized distributions (through SES
values) is plotted in the Figure 14. For all traits, the T_IP.IC metric, which reflects
within-plot intra-specific to inter-specific variation, differed significantly from null
expectations, indicating that a strong internal filtering on these traits determines local
community assembly. Only for HT and TP, T_IC.IR, which measures the relative
strength of external filtering on individuals, differed significantly from null expectations,
indicating that the community collectively has been strongly filtered by either abiotic
stress or external interactions. Differences between values of T_PC.PR and the null
model, which reflects the relative strength of external filtering on species, were only

observed for SLA, HT, and TP.
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In Everglades hammocks, T_IP.IC metric was significantly different than null
expectation for three traits, which indicates that internal filtering is driven by competition
associated with SLA, WD, and HT traits (Figure 15a). Statistics T_IC.IR and T_PC.PR in
Everglades differed significantly from null expectations for only '*C (Figure 15a) which
suggests that species filtered in this sub-region had similar §*C values. In the Lower
Keys, T_IP.IC was significantly lower than null expectation for all six traits (Figure 15b).
It means internal filtering within a community is strongly associated to competition for
limiting resources in this sub-region. For external filtering, T_IC.IR differed significantly
from the null expectation for HT, §'°C, and TP in Lower Keys, which indicates that
individuals within a community are filtered by their similarities in these traits rather than
by species; while T_PC.PR metric differed significantly only for SLA indicates that
species in Lower Keys are similar in SLA. Similarly, in other two sub-regions, NKL and
LPK, T_IP.IC metrics were significantly different than null expectation for three traits,
namely SLA, WD, and HT, (Figure 15c¢ and Figure 15d), more competition for resources
at community level associated with these traits. For external filtering, both T_IC.IR and
T_PC.PR differed significantly from the null expectation for two traits (HT and TP) in
LPK sub-region (Figure 15c) i.e., species are filtered from regional pool by their
similarity in height and leaf phosphorus. The observed significant different T_IC.IR and
T_PC.PR metrics from the null expectations for only TP in NKL sub-region (Figure 15d)

indicates that species are filtered on the basis on their response to phosphorus availability.
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2.4 Discussion

2.4.1 Variation in community-weighted traits across the region

The strong relationships observed between site characteristics and traits indicates
that abiotic factors, mainly soil depth, soil phosphorus, soil pH, and ground water salinity
were the primary factors in explaining CWM trait variation across sites. Species with
resource-acquisitive traits, such as high SLA, canopy height, and leaf nutrient (N and P)
concentrations, occur more frequently or reach higher abundances in sites with high
resource (moisture and nutrient) availability (Wright & Westoby 2002; Garnier et al.
2004; Warren, Tausz & Adams 2005; Cornwell & Ackerly 2009; Shipley 2010; Baruch
2011; Katabuchi et al. 2012). In Everglades hammocks, trees certainly have greater
access to soil nutrients and water compared to drier and resource poor sites in the Florida
Keys and LPK. The very high leaf phosphorus observed in Everglades hammocks may be
linked to exceptionally high soil phosphorus in this sub-region. At the abiotically
stressful end of the south Florida gradient, environments with low resource availability
appear to select for shorter trees with low SLA, and low leaf TN, and TP.

In contrast, an opposite pattern was observed along the environmental gradient in
wood density. Dense wood is associated with low SLA, related to slow return on
investment in assimilation (Wright et al. 2007; Chave et al. 2009). Moreover, wood
density tends to be positively related to leaf lifespan (Ishida et al. 2008) and negatively to
minimum leaf water potential (Ackerly 2004; Bucci et al. 2004; Santiago et al. 2004).
The assumption is that trees with deeper roots will have better access to freshwater and

thus lower minimum leaf water potentials (McElrone et al. 2004). In the Florida Keys,
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hammocks generally have very shallow soil depth (less than 30 cm), lower annual
precipitation than elsewhere in the region, and brackish ground water salinity. The high
wood densities at the drier end of the environmental gradient (Lower Keys, NKL and
LPK), may be associated with water and/or salt stresses, as fibers and thick-walled
vessels found in dense wood have elsewhere been found to protect vessels from
implosion when fresh water shortage creates strongly negative xylem potentials (Hacke et
al. 2001).

The increase in community weighted means of SLA, HT, and TP, and the
concomitant decrease in WD from the most stressful sites (Florida Keys) to those where
resources were most plentiful (Everglades hammocks, Figures 7-9, and 12) represent a
strong shift in CWM traits linked to fast-growth strategies. Therefore, the shift in CWM
traits across sub-regions in South Florida supports the hypothesis that highly isolated
resource-limited environments in coastal and pineland hammocks may select species
whose strategy is to make a long-term investment in leaves and wood.

2.4.2 Community assembly patterns across sub-regions

2.4.2.1 Internal filtering

A significant lower value than the null expectation observed for T_IP.IC in
Figure 14 suggests that competition within a community is an important process in
determining local community assembly in each sub-region. However, the strength of
internal filtering is not the same for all the traits in each sub-region. For example, SES
values for T_IP.IC in all measured traits were significantly different than randomized

values in the Lower Keys, while significantly low values were observed for only three
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traits (SLA, WD, and HT) in the other three sub-regions (Figure 15). Variation in
filtering process between sub-regions might be the result of differences in biotic or
abiotic conditions between sub-regions (Violle et al. 2012).

In Lower Keys, the observed pattern of strong internal filtering in all six traits
may be a consequence of relatively high species diversity in association with stressful
abiotic conditions. Species diversity in Lower Keys communities is very high compared
to forests in Everglades marshes (Figure 5). As species number increases in a community,
competition for limiting resources between co-existing species is also likely to increase
(Paz, Mazer & Martinez-Ramos 2005). Moreover, significantly low T_IP.IC values for
all the traits in most Lower Keys sites is indicative of very low intra-specific trait
variation (Violle et al. 2012), and emphasizes the importance of inter-specific
competition in acquiring limited resources among co-existing species. It is also possible
that as communities in this sub-region are mostly in isolated islands, the pattern of trait
niche differentiation might be the reflection of adaptive radiation driven by competition
for scarce resource (Cavender-Bares et al. 2004a). Therefore, environmental conditions
in the Lower Keys may contribute to competition among species in local community
assembly as species are likely to compete for limiting resources.

Similarly, significant internal filtering was also observed in other sub-regions:
Upper Keys (NKL) and Long Pine Key (LPK) for three traits (SLA, WD, and HT)
(Figure 15) because of inter-specific competition for resources. A high level of
competition within dry and resource limited environment in NKL and LPK, which are
somewhat similar to the biotic and abiotic conditions of the Lower Keys, was not

unexpected, as species diversity in these sub-regions is as high as in the Lower Keys
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(Figure 5), and water and nutrients may be nearly as limiting (Ross et al. 2003). The lack
of evidence for internal filtering for leaf nutrient traits (TP, TN, 8*3C) in NKL and LPK,
suggested by non-significant T_IP.IC values (Figure 15), may be because of their
sensitivity to microhabitat variation within a community (Baraloto et al. 2010).
Moreover, higher intra-specific variation in these traits may also contribute to low inter-
specific competition (Jung et al. 2010). Intra-specific variation in SLA, HT, and WD was
observed to be very low compared to leaf nutrient traits (TP, TN, *3C) in hardwood
hammock species in Florida Keys (see Chapter 3). Generally, high intra-specific trait
variation results from trait plasticity in response to micro-environmental heterogeneity
(Violle et al. 2012). For example, a few sites in NKL are slightly elevated, with a deeper
soil layer that allows more access to water and nutrients. A study has shown that
hardwood hammock species in LPK are highly dependent on access to groundwater,
especially during the dry season (Ewe, Sternberg & Busch 1999), and slight variations in
elevation may influence the availability of freshwater. The evidence suggests that both
inter-specific competition and individual response to micro-environmental heterogeneity
are important processes for community assembly at local scale in these sub-regions.
Given the discussion above, it is interesting to observe similarities in the pattern at
high resource sites, i.e., Everglades hammocks, where moisture and nutrients are
abundant. Community weighted mean trait analysis (Figure 7- 12) indicates that species
in Everglades forest stands exhibit traits that allow them to grow rapidly in height (high
SLA and HT, and low WD), resembling patterns reported for early successional species
(Ross et al. 2016). However, canopy cover in Everglades hammocks is relatively high, so

light availability at ground level is limited (personal observation). Resource availability is
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therefore more akin to moist closed canopy tropical forests (Poorter, Bongers & Bongers
2006a), where competition for light has been shown to be an important determinant of
species coexistence, particularly for canopy species at the seedling stage. Therefore, the
observed internal filtering through competition in Everglades hammocks could relate to
competition for light, perhaps affecting species selection among seedling and sapling

stages (Spasojevic et al. 2014).

2.4.2.2 External filtering

In the Lower Keys, very low individual levels of trait variation was observed
leading to a significantly lower T_IC.IR than null expectation in most sites for four traits
(SLA, HT, TP, 8"3C), which could be the result of a very high environmental filtering.
Local communities differing in edaphic or climatic factors across the region may create a
strong environmental gradient (Cavender-Bares et al. 2006; Fine & Kembel 2011). The
Lower Keys represents the stressful end of such a gradient, caused by its relatively low
rainfall, brackish groundwater, low nutrient availability, and salt stress associated with
sea-water flooding. These conditions are likely to filter for individuals that have ability to
thrive in such an environment, thus making them similar in traits. Trees in the Lower
Keys arguably experience a drier environment than the hammocks in other areas because
of low canopy cover, and selection therefore strongly favors for trees with increased
capacity to tolerate drought. Moreover, freshwater species in the hardwood hammock
community may have a limited ability to tolerate salt stress which is supported by the
observed significant trait differences (lower SLA, higher WD, and shorter trees, Figures

7-9) in the Lower Keys compared to other sub- regions, in particular the Everglades
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hammocks. One might also expect that such a trait pattern would be paralleled by high
leaf 8'°C, as this trait is often taken to reflect the ability to tolerate drought stress (Zhang
et al. 2017). In contrast, no evidence of CWM leaf §3C differences between sub-regions
or along the environmental gradient (Figure 11) was observed in this study. Some studies
have already shown that the leaf 8*3C trait might not be useful at the community level
because of its sensitivity to microhabitat variation (higher intra-specific variation) within
a community (Baraloto et al. 2010) which is supported by the results presented in
Chapter 4 of this dissertation, in which the bulk of variation in leaf 8"*C across the
hierarchical scales (leaf, individual tree, species, and sites) was concentrated at the leaf
level, and the proportion of variation explained by the site level was very low. Observed
significant external filtering on leaf 8*3C occurs at the individual level (T_IC.IR metrics)
(Figure 14 and 15) confirmed that trees were selected from the regional pool on the basis
of their ability to tolerate dry conditions in Lower Keys hammocks

Similarly, in NKL and LPK sub-regions, community filtering based on height and
phosphorus suggests that community assembly is driven by external factors (nutrient and
freshwater availability), which are strongly controlled in these sub-regions by soil depth,
ground elevation (distance to ground water table), and ground water salinity (Sternberg &
Swart 1987; Ewe et al. 1999). In LPK, rocky, skeletal soils (less than 20 cm) and
phosphorus-limited conditions may filter for trees with ability to tolerate these conditions.
In NKL, trees may be limited by phosphorus (Redwine 2007, Subedi unpublished data)
and their ability to tolerate or acquire phosphorus might determine their persistence in the
local community. Similar patterns of external filtering at the species level (T_PC.PR) in

NKL and LPK in TP (Figure 15c and Figure 15d) suggests further that environmental
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filtering acts on species in these locations as a consequence of their ability to tolerate
phosphorus limiting environment. Furthermore, environmental filtering in height only at
the individual level indicates that individuals in communities are found within a similar
range of heights, irrespective their taxonomic identity.

External filtering in "*C occurred at both individual and species levels (T_IC.IR
and T_PC.PR, Figure 15a) in Everglades hammocks. They are located on islands
embedded in peat-based marshes, but the hammock soils are high in carbonate minerals
that allow phosphorus concentrations to reach extremely high levels. Species in
Everglades marsh hammocks have relatively high stomatal conductance (Lin & Sternberg
1992), which is likely associated with high growth rates, as indicated by high SLA, and

low WD (Figure 13).

2.5 Conclusions

Both competition filtering and environmental filtering were found to influence
local assembly. Both local and regional processes were contributed to the filtering of
species from the regional species pool into local hardwood hammock communities. The
important role of environmental filtering across sub-regions was observed primarily
because of variation in edaphic and hydrologic variation across these areas. The observed
shifts in trait values across the habitat gradient suggest that variation in individual
physiology and morphology allows species to respond to differing external filters along
environmental gradients. Stressful environments in coastal and pineland hammocks
selected species with long-term investments in leaves and wood, while high-resource

sites in Everglades hammocks filtered for species with fast-growth strategies. The
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external filtering process operated on the level of individuals instead of species, and only
those individuals of a species with traits matching the local community should
successfully establish in the presence of these filters. Furthermore, at local scale
community assembly was driven by competition in all sub-regions. Therefore, the strong
external filtering observed in the functional composition of South Florida hardwood
forests contributes to the assembly of local communities. These local communities are
defined by differing in access to freshwater, or to other edaphic or climatic factors, while,
local community assembly is driven by inter-specific competition to acquire limited
resources among co-existing species. Moreover, this study also supports the importance
of incorporating intraspecific variation in community studies, as trees respond at the
individual or the community level, depending on trait identity and site characteristics.
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Table 2 Measured traits and their functional importance

Trait Functional importance

Height (HT) - Key determinant of competition for resources.

Specific leaf area - Fast-growing species with cheap leaf construction

(SLA)- leaf costs (High SLA) against slow-growing and stress-tolerant
area/dry wt species with expensive leaf construction costs (Low SLA).
Wood density - Fast-growing species with low wood density against slow-
(WD) dry growing but stress-tolerant — i.e. high-survival — species with
wt/volume high wood density

Leaf total - Important for water and P-limited system like Florida Keys dry
phosphorus (TP) tropical forest

Leaf Nitrogen (TN) | - A significant impact on primary productivity and nutrient
cycling in any ecosystem.

Leaf carbon stable | - An indicator of the set point for leaf gas exchange regulation,
isotope ratios and reflects leaf-level water-use efficiency (WUE) and the
®"C) overall trade-off between carbon gain and water loss during
transpiration.

Source: Westoby et al. 2002; Kraft et al. 2008; Poorter et al. 2008; Reich et al. 1999;
Wright et al. 2004; Poorter and Bongers 2006; King et al. 2005; Castro-Diez et al. 1998;
Poorter et al. 2005.
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Table 3 Description of the null models used to calculate significance for T-statistics

(adapted from Taudiere & Violle 2015)

T- Null hypothesis Randomization Statistical
definition
statistics

T_IPIC | No internal filtering. Individuals trait values | 6%p/c°ic
Trait value distribution of all | are randomized within
the individuals within a given | the community
community does not depend
on species identity

T_IC.IR | No external filtering acting on | Individual trait values | 6°c/c°r
individuals. are randomized within
Individual trait value the regional pool,
distribution is drawn keeping the number of
randomly from the regional individuals in each
pool. community constant.

T _PC.PR | No external filtering Species trait mean 6°pc/6°PR
Species mean trait value values are randomized
distribution is drawn within the regional
randomly from the regional pool, keeping the
pool. number of individuals

in each community
constant.
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Table 4 Loadings contributed by each variable in PCA analysis.

Environmental variable PC1 PC2
Ground elevation 0.27 -0.17
Ground water salinity -0.32 -0.31
Soil Depth 0.39 0.12
soil nitrogen -0.02 0.63
Soil phosphorus 0.48 -0.09
Soil pH 0.42 -0.12
Soil organic carbon -0.39 0.38
Soil bulk density -0.30 -0.52
Variance explained 47% 24%

Table 5 Mean and standard deviation (in parenthesis) of each environmental variable
across sub-regions.

Lower
Variables Keys NKL LPK | Everglades
Ground elevation | 1.86 2.31 2.35
(m) (0.27) (0.18) 1.94 | (0.03)
Ground water 10.4 8.3
salinity (kg/g) (6.69) (4.95) 00
Soil Depth 15.12 23.45 35.15
(cm) (2.75) (2.42) 14.13 | (2.2)
soil nitrogen (%) 0.95 1.16 1.60
(0.19) (0.30) 2.24 | (0.36)
Soil phosphorus 0.82 0.54 342.02
(ppt) (0.08) (0.23) 0.7 | (178.63)
Soil pH 6.85 7.16 8.13
(0.35) (0.39) 7.05 | (0.26)
Soil organic 17.4 20.68 16.64
carbon (%) (3.33) (2.30) 31.66 | (3.69)
Soil bulk density 0.33 0.19 0.11
(g/cm’) (0.04) (0.07) 0.02 | (0.04)
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Figure 4 Study area

Figure 4 shows study sites distribution across four sub-regions (Everglades marsh
hammock, pineland, Key Largo, and Florida Keys).
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Figure 5 Tree species diversity across four sub-regions

Figure 5 shows tree species diversity across four sub-regions: Lower Keys, North Key
Largo (Key Largo), Long Pine Key (LPK), and Everglades marsh hammocks. Species
numbers (species richness) were calculated based on the unique species encountered
across the plots (20X20 m?) within each sub-region.
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In Figure 6, environmental variables used for PCA analysis are Ground water salinity
(GWS), soil depth (SD), soil nitrogen (N) and phosphorus (P), soil pH, soil organic
carbon (SOC), bulk density (BD), relative elevation i.e., relative to ground water (Elev).
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Figure 13 Box plots showing CWM trait variation across the sub-regions.

In Figure 13, community weighted mean (CWM) trait variation across the region:
Hammocks in Everglades, Lower Keys, Long Pine Key (LPK), and Upper Keys (NKL).
Common letter between regions are showing non-significant difference at p=.05 level.
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Figure 14 shows the Standardized effect size (SES) of T-statistics of six traits: (1)
specific leaf area (SLA); 2) wood density (WD); 3) height (HT); 4) leaf nitrogen (TN); 5)
stable carbon isotope ratio (613C); and 6) leaf phosphorus (TP) across four sub-regions:
Florida Keys, Key Largo, Long Pine Key, and Everglades marsh hammocks. Each dot
represents the SES value for one sub-region. The circles and the segments represent,
respectively, the mean and the standard deviation of the SES values for a given T-statistic
(i.e., mean and standard deviation of regional values). Boxes delimit the confidence
interval of the null model for the whole gradient; thus, for a given T-statistic, the mean of
the SES (crossed circle) is significantly different from the null distribution if it is not
embedded within the box. T_IP.IC: ratio of within-population variance to total within-
community variance, T_IC.IR: community-wide variance relative to the total variance in
the regional pool, and T_PC.PR: intercommunity variance relative to the total variance in
the regional pool.
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Figure 15 Standardized effect size (SES) of T-statistics by sub-region

Figure 15 shows standardized effect size (SES) of T-statistics by sub-region

: a) Everglades marsh hammocks (Everglades), b) Lower Keys, c) Long Pine Key (LPK),
and d) Key Largo (NKL). Specific leaf area (SLA); Wood density (WD); Height (HT);
Leaf nitrogen (TN); Stable carbon isotope ratio (5*3C); and Leaf phosphorus (TP). Four
sub-regions: Everglades marsh hammocks (Everglades); Lower Keys, Key Largo (NKL),
and Long Pine Key(LPK). Each star represents the mean SES values for a given T-
statistic (i.e., mean of sub-regional values). Bar lines delimit the confidence interval of
the null model for the whole gradient; for a given T-statistic, the mean of the SES (star) is
significantly different from the null distribution if it is not fell within the line segment.
The red dot represents the mean of the SES values for a given T-statistic. T_IP.IC: ratio
of within-population variance to total within-community variance, T_IC.IR: community-
wide variance relative to the total variance in the regional pool, and T_PC.PR:
intercommunity variance relative to the total variance in the regional pool.
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CHAPTER 3
Trait-based community assembly pattern along a forest succession gradient in
seasonally dry sub-tropical forest, Florida Keys

(To be submitted in journal of VVegetation Science)

Abstract

Succession is a community assembly process by which species are sorted through
interactions with their biotic and abiotic environment. Community assembly is often
assumed to represent the outcome of differing strengths of two opposing forces:
environmental filtering (stress tolerance) and competitive interactions. Species interact
with their environment through functional traits which reflect fundamental niche axes
that characterize the leading dimensions by which plants differentiate from one another.
Thirteen leaf, stem, reproductive, and architectural traits of resident tree species in a
North Key Largo forest were measured that incorporated a broad range of successional
stages. Our intent was to understand the underlying mechanisms that drive species
assembly during forest succession in Florida dry sub-tropical forest. It was hypothesized
that mean trait overlap among species in young stands would be relatively high because
of environmental filtering, while in older stands, trait values among co-existing species
would be more dissimilar, as a result of limiting similarity or competition for resources.
Principal component analysis showed that specific leaf area, wood density, leaf
phosphorus, leaf nitrogen, and the ratio of canopy height to crown length were the
important traits that distinguished species along the successional gradient. Tests of null
models to determine if species were evenly distributed across, or clustered within trait

niche space showed a significant clustering among 26 species encountered in all plots.
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When a subset of younger communities was tested, species also displayed significant
clustering in their distribution across trait niche space. In contrast, species in mature plots
displayed significant differentiation in their distribution across trait niche space in
comparison to the null distributions. These results suggest that younger communities are
shaped by environmentally driven processes, while mature communities are shaped by
competitively driven processes. However, the overall trait similarities among species
present in North Key Largo dry sub-tropical forest suggest that tree species are specialists
on the local environment, and their ability to survive and grow in a stressful environment
may be more important than competition for resources at larger scale.

Keywords: Community assembly, Plant traits, Florida Keys, Niche overlap, Succession,

North Key Largo, Dry Tropical Forest.

3.1 Introduction

Community assembly is assumed to represent the outcome of differing strengths
of two opposing forces: environmental filtering (stress tolerance) and competitive
interactions (Spasojevic & Suding 2012). Environmental filtering emphasizes the
perspective that species occurring in the same community tend to share similar traits
(Weiher & Keddy 1995; Cornwell, Schwilk & Ackerly 2006a; Navas & Violle 2009),
while competitive interactions arise from the idea of limiting similarity or niche
partitioning, in which co-occurring species must maintain at least a minimum degree of
dissimilarity if they are going to stably co-occur (MacArthur & Levins 1967; Chesson
2000). From a functional trait perspective, functional similarity is indicative of similar

resource use strategies among individuals or species. It means that species with similar

50



traits should compete most directly, resulting in the exclusion of one or the other.
Therefore, the expectation of limiting similarity theory is that co-occurring species will
exhibit less functional similarity than they would occur by chance alone. In contrast, the
environmental filtering concept posits that in stressful environments, species that cannot
tolerate stress will be filtered out, resulting in a reduction in trait variation (similar stress
tolerance ability among species) (Davis et al. 1999). These ideas have led to a widespread
expectation that trait variation among species is low in regions of strong abiotic stress and
increases in regions where competitive interactions are stronger than stressful regions
(Weiher & Keddy 1999). For example, in alpine tundra, abiotic filtering by wind and cold
exposure reduce the variation in height and leaf area (Spasojevic & Suding 2012).
Functional niche concept was introduced to represent an n-dimensional hyper-volume in
functional space, where niche axes are traits associated with different functional attributes
(Rosenfeld 2002). The degree of overlap in these trait niche axes in a community may
indicate the probability of co-occurrence of species in the same environment.

Succession is a sequential change over time in the relative abundance of dominant
species (Shipley, Vile & Garnier 2006). For example, shade intolerant species with fast
growth rates and high resource acquisition rates are often replaced by shade-tolerant
species with conservative trait syndromes during succession (Bazzaz 1996; Adler et al.
2013). Therefore, communities along a successional gradient can be distinctive on the
basis of the dominance of plant functional types, representing distinct functional
strategies for reproduction and resource capture (Baraloto et al. 2012). Early successional
species tend to regenerate in a high light environment, and have inherently high growth

rates compared with late successional species. Their high relative growth rates are
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attained through a high photosynthetic capacity and leaf area allocation (Poorter &
Bongers 2006). Changes in plant traits with forest age (e.g., high specific leaf area and
leaf nitrogen content) acquiring external resources rapidly, which dominate the early
stages following abandonment, while slower growing species (low specific leaf area and
leaf nitrogen), tend to conserve internal resources more efficiently as succession proceeds
(Bazzaz 1996). Therefore, species composition and associated functional strategies are
likely to change throughout succession.

Functional traits can help define a species’ fundamental niche, and that variation
along well documented trait spectra (e.g., specific leaf area or maximum height, or seed
mass) have been used to characterize the leading dimensions by which species
differentiate from one another (Westoby et al. 2002; Wright et al. 2007). Most studies
that have explored differences among co-occurring species have used controlled
experiments, or phylogenetically constrained comparisons among closely related species
(\Valladares et al. 2000a; Davies 2001; Cavender-Bares, Kitajima & Bazzaz 2004b; Sack
& Frole 2006; Niinemets 2015). The present study provides an example of a different
approach by addressing hierarchical issues of landscape-scale trait variance in a
seasonally dry sub-tropical forest where many tree species and families co-occur across
the successional gradient within a mixed-age community mosaic. Moreover, in dry-
tropical forest landscapes, our understanding of succession has been very limited (Vieira
& Scariot 2006; Bhaskar, Dawson & Balvanera 2014), and community assembly
processes may relate primarily to the availability of water and nutrient in addition to light
which is more important in dry tropical forest, because of its overriding influence on

species distributions (Balvanera, Quijas & Perez-Jimenez 2011).
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Research on changes in species traits along successional gradients in dry tropical
forests (DTFs), especially those in Florida, is not extensive. Ross et. al. (2001) described
a successional sequence of species of DTF in Florida Keys using their abundance in
stands that originated following clearing, catastrophic fire, or agricultural abandonment at
different times. By sampling a set of forest patches that represent a chronosequence of
time since they were cleared, Ross et al. (2001) could identify a change from dominance
by deciduous species in early developmental stages to a predominance of evergreen
species in mature stands. This transition appears to be associated with shifts in traits
related to growth rate, leaf morphology, nutrient use efficiency, and nutrient content
(Redwine 2007), a tradeoff between traits enhancing growth in early successional species
(high specific leaf area, low wood density, and high concentration of nutrients in leaves)
(King et al. 2006) and traits enhancing survival in late-successional species (long-lived
leaves, large allocation to structural compounds) (Navas et al. 2010). Powers and Tiffin
(2010) analyzed the potential to define ecologically meaningful groups among Costa
Rican tropical dry forest species, and found that leaf habit alone was insufficient to
distinguish plant functional groups. They argued that a database of functional traits must
include other traits that are relevant to acquisition and use of resources in dry tropical
forest. Therefore, the question of whether there is any pattern in important traits (stem,
leaf, seed, architecture) along a successional gradient in DTF remains to be answered.
Little is known about intraspecific variation in species traits as secondary succession

proceeds.
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In this study, 13 traits among resident species were assessed, and | used these data
to examine community-scale changes in traits along a successional gradient in the Florida
Keys. Three primary research questions are:

1) How is trait variation distributed among inter- and intra-specific levels during forest
succession in Florida DTF?

By decomposing the trait variation across ecological scales (community, species,
individual), the dynamics of species response to environmental changes may be better
understood.

2) Is there any pattern in community weighted mean traits across the successional
gradient?

Comparisons of multiple trait patterns along an environmental gradient may advance
understanding of the role of community assembly processes such as environmental
filtering and competition (Spasojevic & Suding 2012).

3) What is the underlying mechanism that drives species assembly during forest
succession in Florida DTF?

Patterns in species niche overlap may explain much about the community
assembly process. Early succcessional species in recently disturbed areas experience
environmental adversity, thus habitat filtering is likely to structure early stage
development. Environmental conditions may be improved (higher soil depth, moisture,
nutrient, etc.) over time, causing density-dependent processes such as competition to
increasingly dominate later stages of succession. Therefore, it is expected that younger

stands and dominant early successional species will show similar trait values (higher
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niche overlap), whereas as community development proceeds, trait values among co-

existing species will be more dissimilar (lower niche overlap).

3.2 Materials and methods
3.2.1 Study Area

A 15-km stretch of continuous forest in northern Key Largo, including portions of
Crocodile Lakes National Wildlife Refuge and Key Largo Hammocks Botanical State
Park, represents one of the most extensive remaining examples of DTF in southern
Florida. This forest is composed of a diverse mixture of deciduous and evergreen tree
species that are predominantly West Indian in origin (Tomlinson 1986). Soils rarely
exceed 20 cm in depth, and elevations range from 0 to 5 m above sea level. Mean annual
temperature is 25.1°C, and mean annual precipitation is about 1200 mm (Ross et al.
2001). Although natural disturbances such as occasional ground fires and windstorms are
parts of the disturbance regime, the relevant ecological history of these hammocks
primarily includes clearance of some patches because of farming during the early 1900’s.
Aerial photos indicate that significant area of this forest has been under cultivation, or
affected by roads, prospective residential development, oil exploration, or military use
(Ross et. al. 2001).
3.2.2 Study Design

Species composition and density data were collected from 23 nested belt
transects, 60-100 m in length, established by Ross et al (2001). The year that each patch
was cleared is estimated on the basis of the appearance of the site on black and-white

aerial photos between 1926-1985 (Ross et al. 2001). Trait data were collected from 20 x
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20 m? plots established adjacent to ten of the Ross et al. (2001) transects: five in young
forest, and five in mature stands, assumed to be at least 100 years old if not observed
disturbed after 1926 photos (Figure 16).

Methods for measurement of plant traits followed those described by Pérez-
Harguindeguy et al. (2013). Structural traits were determined for all trees greater than one
cm diameter at breast height (DBH) in 10 plots. Total height (HT), DBH, crown
dimensions (length and width), and height to crown (first branch) from the ground were
measured. Specific leaf area, leaf chemistry (nitrogen, phosphorus, 8*3C, and §'°N), and
wood density of each species were collected from 3-5 separate individuals of each
species present in each plot. Recently expanded sun leaves were sampled, or in cases of
understory species, the most illuminated leaves on the plant were sampled (Cornwell and
Ackerly 2009). Specific leaf area (SLA, leaf area per unit mass) was quantified using a
leaf area meter (L1-3000C), and leaves were brought to the lab and dried at 70°C for three
days in the oven before weighing. Wood density (WD) was determined from 1-2 cm
DBH branch samples, and calculated as the ratio of the oven-dry mass of the wood
sample divided by the mass of water displaced by its fresh (green) volume (Chave et al.
2006). Reproductive traits (seed mass and seed number) were assembled from several
sources, including new field collections for most species, and literature sources for others
for whom local seeds were not available.

3.2.3 Trait selection

The present study focused on 13 traits which were expected to be especially

important in local environments (Table 6). Tropical dry forests in the Florida Keys are

water and nutrient-limited systems (Redwine 2007; Saha et al. 2011) and frequently
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disturbed by storms and hurricanes. Given the frequency of disturbance and drought
stress associated with the region’s extended dry season, wood density (WD) is
hypothesized to be an important functional trait in DTF tree species in South Florida
given the role of wood density plays in determining resistance to wind damage during
storm events, as well as the contribution of dense wood with small cells in maintaining
high water potentials—a competitive advantage when water is scarce (Sperry 2003;
Preston, Cornwell & DeNoyer 2006; Swenson & Enquist 2007; Chave et al. 2009).
Specific leaf area (SLA), leaf nitrogen content (TN), nitrogen stable isotope ratio (5°N),
and leaf phosphorus (TP) of trees are correlated with primary productivity and nutrient
cycling in all ecosystems (Reich et al. 1992; Cornelissen et al. 1999; Aerts and Chapin
2000), including water and P-limited forest ecosystems such as those in the Florida Keys
(Redwine 2007). Another important trait in water limited forests is the carbon stable
isotope ratio (**C/*2C), expressed as 5"°C, which is an indicator of the strength of the
diffusive gradient of CO, during leaf gas exchange, and reflects how efficiently leaves
utilize (often described as water use efficiency-WUE). Water use efficiency defines the
leaf-specific trade-off between carbon gain and water loss during the interacting
processes of photosynthesis and transpiration.

Architectural traits may be important indicators of the drought tolerance
capability of trees in dry tropical forests, and they can be represented by allometric
relationships (King 1996; Poorter et al. 2003; Bohlman & O’Brien 2006). Three
important architectural traits, diameter at breast height to crown area ratio (DBH:CA),
height to diameter at breast height ratio (HT:DBH), and height to crown length ratio

(HT:CL), were tested, which are often involved in physical and biotic interaction in a
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forest. For instance, interspecific differences in HT:CL might have important
implications for light capture (Kohyama 1991), while DBH:CA and HT:DBH are
associated with structural stability, mechanical strength, and crown support (Sterck &
Bongers 1998; King et al. 2006). Furthermore, when exposed to hurricanes or other types
of windstorms, variation in such architectural traits may affect the relative likelihood of
stem vs branch damage (Zimmerman et al. 1994). Basal diameter increases with wind
exposure in trees of similar height (King 1996) which is particularly relevant in the Key
Largo’s DTF given the observed increased probability damage associated with larger
individuals of certain early successional species associated with Hurricane Andrew (Ross
et al. 2001). Multiple-stemmed trees tend to expand their canopy with minimum vertical
growth and the frequency of multiple stem in DTF is related to environmental stresses
such as drought and salt stress as well as periodic hurricane disturbances (Dunphy,
Murphy & Lugo 2000).

Finally, reproductive traits are important for the success of tree species in dry
tropical environments. Some of these are, fruit type, seed number, or seed mass.
Dispersal ability of a species is strongly influenced by the seed size and number and the
dispersal vector (Westoby 1998; Khurana, Sagar & Singh 2006). Smaller seeds disperse
over longer distances and enjoy long periods of dormancy in soil seed banks compared to
heavy and large seeds, but the seedlings produced by heavier, larger seeds tend to have
greater competitive ability, enabling them to establish and survive under stresses brought
on by competition, moisture, shading, disturbances, defoliation and herbivory (Westoby

1998).
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3.2.4 Statistical analyses

Trait means and standard deviations were calculated for each species encountered
across the successional gradient. The general patterns of trait co-variation were analyzed
using principal components analysis (PCA) at species and site levels. All measured traits
were included in analyses for species and community levels (Table 6). At the species
level, PCA analysis combined mean trait values for each trait in each individual plot. At
the community level, community-weighted trait means (CWM) were calculated, with
weightings using the relative densities of the species in each of the 23 permanent
transects. To express the proportion of the total variance across three levels, i.e., site,
species, and individual, linear mixed models were used for the subset of traits that were
measured at all three levels (10 out of 13, see Table 6). Linear mixed models that
specified random variables (site, species, and individual tree) for each trait were fitted
using the ‘varcomp” function of R (R Developement Core Team 2015) with restricted
maximum likelihood estimation.

Niche overlaps (NO’s) and null models were computed using the R script
provided by Geange et al. (2011). For each trait, a trait distribution was calculated using a
kernel estimator (Mouillot et al. 2005b), which is a density function that assumes
measurement error around each data point, and uses a smoothing function to estimate a
distribution of all data for a given trait and community. Overlap is represented as the
integral of the intersection of the species’ respective kernel curves when overlaid on one
another. The species kernels were then used to estimate pairwise niche overlaps in trait
space for all the coexisting species. Overlap indices were calculated for two data sets: for

all species sampled across the ten plots, and within each successional category (young
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and mature). Maximum variance occurs when all niche overlaps are either 0 or 1. To test
community assembly processes, a test-statistic (n), i.e., the proportion of maximum
variance (i.e., the coefficient of heterogeneity), was calculated to determine if the pattern
in the data is random (the null model), clustered (n near 1) or evenly spaced (n near 0)

(see Geange et al 2011). If there are i species and t traits, each trait (as a niche axis) has

i—-1 - . _ .
(12—) niche overlap values, represented as X1, X,..., X, with X and s? representing mean

niche overlap and variance.

SZ

X(1-x)

n=2x

Once 1 is calculated for each niche axis, examining the minimum and maximum
values across all trait niche axes will indicate whether clustering occurs in one axis while
there is even spacing in another. Finally, the average of n _over the t niche axis gives an
overall measure of clustering vs. regularity, or even spacing (Geange et al. 2011). All

statistical analyses were carried out using R (R Developement Core Team 2015).

3.3 Results
3.3.1 Variation in traits across the scales (intra-specific, inter-specific, and
community)

Trait responses differed dramatically across scales (Table 7). Overall trait
variation attributable to site was very low, exceeding 2% only for architectural traits; the
highest was 19.22 % for CA:DBH). Variation was primarily attributable to species
identity in five of the seven leaf-associated variables (SLA, WD, TN, N:P, and §*C,
above 60%). For five of the 10 traits, intra-specific variation was very low; while a

considerable amount of intra-specific trait variation was observed in all three
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architectural traits along with TC, TP, and 8"°N. For all the traits, a significant percentage
of intraspecific variability occurred.
3.3.2 Correlation between species traits among species

The first three axes of the principal component analysis of twelve traits explained
53 % of the total variation (Table 8). For simplicity, only the first two axes are presented
in Figure 17. Deciduous and evergreen species were not grouped based on leaf habit on
the first two principal component axes. Early successional, brevi-deciduous species
(Guettarda scabra, G. elliptica, Bourreria ovata and Lysiloma bahamense) grouped
together, while late successional, evergreen species (Simarouba glauca, Caliptranthes
pallens, Drypetes diversifolia, D. lateriflora, Sideroxylon foetidissimum, Amyris
elemifera, Krugiodendron ferreum, Nectandra coriacea) were scattered on the second
principle component axis. Four traits (SLA, WD, % of multiple stems, and HT:CL) were
strongly corresponded to the first axis of the PCA. Vectors for leaf N:P and TP were
nearly perpendicular to Axis 1, and these traits were associated with the second axis of
the PCA. Leaf TN was loaded highly on the third PCA axis. Thus, the first PCA axis
combined stem, leaf, and architectural traits, while the second and third axes were
strongly related to leaf nutrients. Addition of reproductive traits (seed mass, seed number)
did not alter the overall structure of the analyses or reveal new axes of variation.

Early successional and late successional species were distributed on the opposite
sides of the first principal component axis using differences in SLA, WD, percentage of
multiple stem, and HT:CL (Figure 17). Early-successional species have lower wood
density, shorter crown length, higher SLA, and fewer multiple stems than late-

successional species (Table 9). On the basis on contribution of each traits in first three
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principal components, SLA, WD, TN, TP, and HT:CL represent the important trait niche
axes among the species found along a successional gradient in the North Key Largo DTF.
However, following trait analysis, there is no indication of any exclusive group of species
such as deciduous vs evergreen, or canopy vs understory (Figure 17).

In the community-level analysis of functional traits, the first two principal
components explained more than 90% of the total variation, 66% and 25% for first and
2" principal components, respectively (Table 9). Sites were grouped based on stand age
in first principal component axis with young sites on the left side of the axis (Youngl-
Young5), and mature sites (Maturel-Mature5) were on the right side (Figure 18). Mature
sites grouped together; while young sites were scattered along y-axis. Most traits were
associated with the first axis of the PCA: SLA, WD, TN, CA:DBH, and HT:CL; TP,
8'3C, % of multiple stems, HT:DBH were the main contributor to Axis 2 (Table 9).

3.3.3 Pattern of trait variation across successional gradient

Community-weighted mean (CWM) traits showed significant trends along the
successional gradient for all of the traits except 6*°N, TP, and HT:DBH (Figure 19). The
CWM of SLA, 8"C, TN, N:P, and HT:CL decreased with increasing stand age, while
WD, % of Mutiple Stem form, and CA:DBH increased significantly from young sites to
mature sites (Figure 19).

3.3.4 Niche overlap in important functional traits between species

The PCA analysis showed that SLA, WD, TP, TN, and HT:CL were important
niche axes and explained most of the variation among species for the first three principal
components. Analysis of these five traits across the 26 tree species considered in Key

Largo DTF vyielded an average local realized niche overlap of 0.39 (0 is no overlap while
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1 is compete overlap) (Table 10). Exhibiting a mean niche overlap of 0.16, S. glauca was
a conspicuous outlier among its associates. D. lateriflora (0.31), D. diversifolia (0.32), F.
citrifolia (0.33), B. simaruba (0.33) were also notably dissimilar from their associates.
Species with high mean niche overlaps were S. salicifolia (0.48), S. mahogany (0.47), M.
toxiferum (0.46), C. pallens (0.46), and B. ovata (0.45), (Table 10).

To evaluate the community assembly patterns, mean niche overlap among
species on traits in ten stands (five young and five old) was used. Species displayed
significant clustering across the niche space in all plots (Table 11). When mean niche
overlap was analysed separately for each trait, a significant clustering pattern was
observed in three traits, i.e.,, SLA, WD, and TP whereas no departures from random
expectations for overlap of other two traits (TN and HT:CL, Table 11) were observed.
Similarly, when niche overlap was analysed separately for young stands, species also
displayed significant clustering in their distribution across trait niche space. Community
assembly patterns determining individual traits in young plots showed a significant
clustering pattern in all five traits (p-value<0.05, Table 11). In contrast, species in mature
plots differed significantly from the null model in their distribution across trait niche
space. Individual trait community assembly patterns in mature plots showed significant
niche differentiation in only one trait (leaf nitrogen, TN), while no significant departure

from random expectations was observed (Table 11).

3.4 Discussion
Plant success in any community depends on how intrinsic developmental qualities of

an individual (a suite of traits) respond to the local environmental conditions (Grime
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2006b; Cornwell & Ackerly 2009). In the Florida Keys, tree species must cope with a
long dry season (4-6 months), as well as skeletal soils <30 cm in depth. To a great extent,
species success will therefore be determined by the species’ strategy in coping with
limiting resources, specially water and nutrient. Traits associated with resource capture
and conservation strategies should thus be major drivers of species success in these
forests.
3.4.1 Intra-specific, inter-specific, and community sources of trait variation

Except for architectural metrics, variance in traits using presence-absence data
(i.e., all species weighted equally, not proportionally according to their abundance) was
primarily observed at inter- and intra-specific levels, not across plots. Differences
between individuals of the same species occupying different plots were of negligible
importance for most traits. However, when weighted trait values (weighted by density in
the plot) were used to compare between young and mature stands, notable change in trait
means were observed, e.g., SLA decreased and WD increased from young stand to
mature stands (Figure 18). Suggesting that environmental conditions in the forests of
north Key Largo favor species with thicker leaves and denser wood as these forests
develop following clearing. The general pattern may be relevant across the DTF of the
Caribbean, given the predominant role of windstorms and nutrient limitation that occur in
the region. Determining whether other DTF’s in the world exhibit similar environmental
filtering induced functional shifts presents an interesting opportunity for further research.

Intra-specific trait variation is attributable to differences between individuals of
the same species occupying the same plots. Phenotypic plasticity can be expected to

influence individual responses by trees to their immediate environment, including
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competitors and other biota, thereby allowing individuals to optimize resource acquisition
(S&nchez-Gomez, Valladares & Zavala 2006). Therefore, intra-specific variation should
mostly represent any inherently plastic response that a species might exhibit because of
localized environmental variability. The high intra-specific variation in a few traits,
especially architectural characters, TP, and 8N indicates an individual variation in
acquiring various resources, mainly light, phosphorus, and source of nitrogen within and
across the sites. Furthermore, it is likely that competition for belowground resources,
such as nutrients and water, is equal or greater in intensity than competition for light in
Key Largo DTF, where canopy cover is generally not completely closed. Tree species
can vary in tolerance to low nutrient availability (N or P) just as they can to low light.
Clearly, intraspecific variation has the potential to have substantial impact on whole plant
function. The variability in architectural traits particularly at the intraspecific level may
reflect trees’ plastic responses to the environments to which they are exposed, or to
genetic variation among individuals within a local population. As these forests are
standing on a skeleton of limestone bedrock, and sometimes disturbed by storms and
hurricanes, tree architecture determines trees stability against static loading and
mechanical stress by wind and branch fall at the individual level. Trees clearly interact
with one another and their environment as individuals, not as species. The extraordinary
variation in leaf TP at the individual level (about 79%) may be associated with a strategy
of managing with phosphorus limitation. It is well known that microbial associations with
fungi and roots in soil can enhance the ability of plants to acquire nutrients from soil
through several mechanisms. These include mycorrhizal associations that enhance root

growth, branching and/or root hair development, N-fixation, or stimulation of metabolic
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processes that mobilize nutrients from poorly available sources (Gyaneshwar et al. 2002;
Barea et al. 2005; Richardson et al. 2009). These processes may contribute to plant
nutrient availability and may vary at the individual, species, genus, or family level. As
very few legume species present in this forest (about three species), little is known about
below-ground processes for Key Largo species.
3.4.2 Major trait niche axes among species in north Key Largo DTF forest

The PCA results showed that linear combinations of multiple niche trait axes
indicate important species-level differences across the forest patch age gradient that
sampled in North Key Largo forest. The leaf economics spectrum of species from low to
high TN and TP also constitutes a spectrum of increasing SLA, i.e., leaf nitrogen and
phosphorus contents are considered to be traits highly correlated with SLA, which as a
group are related to leaf lifespan (Reich et al. 1999; Wright et al. 2004). In general, low
TN with low SLA are characteristics of species with long-lived leaves, while high TN
with high SLA are associated with ephemeral leaves that live less than one year. In
contrast, our results suggest an orthogonal relationship among SLA, TP, and TN (Table
8), suggesting that tree species response to nutrient limitation may be important in the
Key Largo forest. The amount of contribution of leaf TP and TN to the second and third
principal components for both species and communities indicates that forest patches are
likely to exist on a nutrient availability spectrum, and reinforces the conclusion of
Redwine (2007) that the north Key Largo forests are strongly phosphorus limited
ecosystems.

A strong negative correlation between SLA and WD was also expected, as slow

growing species with low SLA generally allocate photosynthate to dense wood (Reich et

66



al. 2003). Whereas a slight negative correlation between these two was observed across
all species in first axis of principal component analysis (Figure 17, Table 8), the
correlation was not very strong. Both SLA and WD were low in common species such as
D. diversifolia, S. mahogani, C. diversifolia, E. axillaris, and S. foetidissium, which do
not belong exclusively to any one successional group, neither early nor late. Likewise,
species like S. salicifolia, B. ovata, P. guapalensis, and Z. fagara were high in both SLA
and WD. These contradictory results suggest that the coordination of traits is not a
universal trend, with irregular patterns possible depending on the specific constraints of
each ecosystem. Also, wood related traits may need to account for a few different trait
axes. While the wood density spectrum was explored in this study, light woods can be
either soft or brittle, and variation on this trait spectrum may contribute to a species’
inherent capacity to resist windstorm damage and/or support multi-stem or spreading
canopies.

Similarly, as a result of differences in light demand, among species variation in
architectural traits may be important for resident species in the Key Largo forest. Shade-
intolerant species, primarily early-successional in this case, tend to grow faster in height
to gain access to the canopy. In many cases, they do so by developing a slender stem
(high HT:DBH ratio, Poorter et al. 2003) and a narrow crown (high HT:CL ratio, King
1996; Poorter, Bongers & Bongers 2006b). In contrast, shade-tolerant species tend to
have wider and longer crowns that increase interception of diffuse light. Early-
successional species are thereby expected to grow quickly, overtopping neighbors and
attaining or maintaining occupancy of the canopy following gap formation that results

from storm and hurricane disturbance (Diamond & Ross 2016). Shade-tolerant
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understory species that regenerate in shaded environments are likely to have wide,
shallow crowns that allow the tree to intercept light over a large area while reducing self-
shading (Givnish 1988). However, multivariate analysis showed that no simple pattern
described differences between group of species, such as canopy vs. understory, or early
successional vs. late successional, on each of the architectural traits measured in this
study (data not shown). Therefore, variation in architectural traits in this forest may not
directly relate to the light environment, but rather is perhaps a response to multiple
limiting resources such as water, light, and nutrients.

The presence of complex interactions between traits and species composition
indicates that no single trait adequately captures community dynamics, and highlights the
importance of trait selection that captures multiple niche axes for the exploration of
community assembly mechanisms. The PCA analyses help to determine important niche
axes that correlate strongly with aspects of whole-plant performance. The orthogonality
between key traits indicates that these functional traits may respond to different selective
pressures of the environment (Liancourt et al. 2009). The most notable information is that
there is no indication of any group of species such as deciduous vs evergreen, or canopy
vs understory, on each of this trait niche axis at the species level (Figure 17). Therefore, a
combination of plant architecture (HT:CL), wood density (WD), and leaf traits (SLA, TP,
TN) can be considered to be key functional traits that are important for understanding
community assembly process in Key Largo DTF. Furthermore, different assembly
processes may be operating simultaneously along these distinct niche axes (Spasojevic &

Suding 2012), therefore, an understanding of the functional roles of each of these traits
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under study is important to interpret the relationships between niche axes and assembly
processes.
3.4.3 Community assembly processes

Overall a significant clustering pattern in North Key Largo forest (Table 11)
suggests strong abiotic filtering of trait values in this forest. Such trait similarity supports
the expectation that differences in local environment influence which trait values, filtered
out of the regional pool, perform best under local conditions. The overall finding of this
study was mean trait niche overlap in young and mature stands to differ from each other.
The significant trait similarity observed in younger stands was expected, and represents
strong evidence of environmental filtering. It suggests that convergence toward trait
values that maximize resource acquisition is the dominant assembly process in early
stages of succession in Key Largo DTF. In contrast, a significant niche differentiation
pattern in old stand indicates biotic filtering, in which resource competition acts to
constrain local neighbourhoods to certain traits or trait combinations, producing lower
niche overlap than expected by chance. On the basis of trait patterns, filtering at this end
of the gradient was likely the result of competition for limiting resources, water and
nutrient (high WD, low leaf TN, Figure 19). Therefore, as communities age, competition
theory expects some level of limitation on functional similarity among co-occurring
species.

Changes in the assembly processes can be further understood from individual trait
patterns across the environmental gradient. Results from individual trait community
assembly patterns (Table 11) showed a significant clustering pattern in only three traits

(SLA, WD, and TP). Such patterns suggest an intense pressure for similar resource use
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strategy to acquire limiting resources. It was expected that water and nutrients were
strongly limiting productivity in the Key Largo forest. Wood density is related to water
acquisition strategies (Chave et al. 2009), with high wood density adaptive under low-
water availability conditions. Because fibers and thick-walled vessels found in denser
wood may protect vessels from implosion when fresh water shortage creates strongly
negative xylem potentials (Hacke et al. 2001). Similarly, a significant clustering pattern
in all five traits in young communities suggests that dominant species in young forests
have similar leaf, stem and architectural traits. Convergence in architectural traits in
younger stands is expected, as early-successional species are predominantly shade-
intolerant and grow faster in height to gain access to the canopy. Convergence in SLA,
WD, and leaf nutrient concentrations further indicates that there is intense pressure for
similar resource use strategy to acquire limiting resources. As expected, young stands
experience drier environments with plenty of sunlight (open canopy) and lower soil water
(higher evaporation and shallow soil layer (less than 15 cm in this forest). With high SLA
and low WD, species in young communities are fast-growing species (high SLA and low
WD) that avoid drought by dropping leaves. Moreover, high photosynthetic rates are
generally associated with high leaf nitrogen content. Indeed, a higher leaf nitrogen
content in young stands (Figure 18) was observed. However, the only trait, leaf nitrogen
(TN) showed a significant niche differentiation pattern, while the other four traits
exhibited a random pattern among species (not different from null model). Previous study
in this forest suggests that N-fixing behavior is widespread (Redwine 2007) which may

indicate that competition in capturing nitrogen or symbiotic association with n-fixing
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microorganism among coexisting species may be affecting for community assembly in
mature forests.

In addition, trait differentiation among co-existing species in a community may be
also caused by dispersal limitation (Hubbell 2006). However, one may assume that
dispersal limitation is not important in explaining spatial patterning the NKL forest, as
study is on 15-km study area, populated mostly by tree species with fleshy fruits likely to
be dispersed by birds and small animals (Redwine et al. 2007; Ross et al. 2016). Birds
and animals can easily move across the whole forest and disperse seeds, meaning that
most species can exploit most or all available habitat. Furthermore, our trait-species
relationships were not strongly correlated with dispersal traits, i.e., seed mass and number
(Figure 19). Similarly, abiotic filtering has been shown to generate phylogenetically
clustered local communities because groups of closely related species share traits that
allow them to persist in a given habitat (Webb et al. 2002; Cornwell, Schwilk & Ackerly
2006b; Kraft et al. 2007). For example, among the most dominant early successional
species, species such as B. ovata, G. scabra, and G. elliptica are phylogenetically very
similar (http://www.phylotastic.org/). However, another dominant early-successional
species, Lysiloma bahamense is not closely related phylogenetically with this group.
Therefore, the future work needs to explore if abiotic conditions are filtering regional
species to a smaller phylogenetic subset of taxa at different stand age as well as across the

whole forest, or even the whole south Florida region.
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3.5 Conclusions

It can be concluded that younger stands are mostly shaped by environmental
driven processes, and mature stands are shaped by competitively driven processes leading
to limiting similarity at plot scale. This is because changes in abiotic conditions such as
soil nutrients, water and light availability may favor different plant strategies as
succession proceeds. Trees in younger sites (early successional species) tend to increase
nutrient and water acquisition as they have less competition after disturbance in Key
Largo DTF. Trees from mature sites (late successional species), in contrast, would
compete for resources particularly nutrients as competition increases as stands age and
become more diverse. The overall trait similarities among species presence in DTF in
North Key Largo suggests that these species are specialists on local environment and
species optimum tolerance for limiting resources such as nutrient and moisture may be
more important than competition for resources at the regional scale.
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Figure 16 Study area and location of plots and transects with stand age.
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Table 6 List of traits measured at different scales.

Trait Individual

—
@
[92]
=
D
Q
D
w

Specific leaf area (SLA)

Wood density (WD)

Leaf total phosphorus (TP)

Leaf total nitrogen (TN)

Leaf stable carbon isotope ratio (8°°C)

Leaf stable nitrogen isotope ratio (8"°N)

XXX XX X[ X

Leaf N:P ratio (N:P)

Seed number (SN)

Seed Mass (SM)

Crown area:Diameter at breast height (CA:DBH)

Height:Diameter at breast height (HT:DBH)

X[ X|X

Height:Crown length (HT:CL)

XXX XXX XXX XXX XL

XXX XXX XXX XXX XX

Percentage of multiple stem (MS%)

Table 7 Percentage of trait variation at three different scales (site, species, and
individual), unweighted (presence-absence matrix).

Trait Site Species Individual
SLA <1.00 90.37 9.23

WD 1.91 80.86 17.22

TN <1.00 99.88 <1.00

TP <1.00 20.95 78.64
e <1.00 96.90 3.07

SN <1.00 9.57 90.42
HT:DBH | 6.83 46.58 46.58
CA:DBH | 19.22 35.41 45.35
HT:CL |4.24 12.47 83.27
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Table 8 Trait contribution to first three components contributed by each factor.

Trait contribution to first three components contributed by each factor. Percentage of
variation explained by each component was provided in parenthesis. Asterisk (*) sign
was added to one that contributed significantly in each PCA axis.

Trait Comp.1 Comp.2 Comp.3
(22%) (17%) (14%)
SLA 0.42* 0.17 <0.01
WD -0.45* 0.18 <0.01
TP -0.13 0.52* -0.24
8°C 0.12 -0.26 <0.01
TN 0.12 0.27 -0.52*
CA:DBH <0.01 0.30 0.35
HT:DBH -0.15 0.25 -0.29
HT:CL 0.48* <0.01 <0.01
Multiple -0.27 0.12 <0.01
Stem
Seed mass | -0.14 -0.15 0.38
Seed 0.12 <0.01 -0.17
number
3N 0.26 <0.01 <0.01

Table 9 Community weighted trait contribution to first two components contributed by
each factor. Asterisk (*) sign was added to one that contributed significantly in each PCA
axis.

Trait Comp.1(66%) | Comp.2 (25%)
Stand age 0.36* 0.15
SLA - 0.36* 0.23
WD 0.32* 0.28
TP 0.18 -0.57*
8°C -0.29 -0.36*
TN -0.33* 0.31
HT:DBH -28 0.36*
CA:DBH 0.37* 0.15
HT:CL -0.39* <0.02
Multiple Stem 0.21 0.39*
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Table 10 Mean niche overlap between species occurred across the successional gradient.

Species are arranged according to their abundance across the succesional gradient published by Ross et al. (2011). Signature early-
and late-successional species are assigned with different color, i.e. green and orange, respectively. Species pairs statistically not
different as identified by null model tests are highlighted by blue color (P > 0.05). Mean nicheoverlap across all associate species
are given in last row of the table.

sp GS [BO | LB [GE | SM | FC | SS | PG | ARE | MT | PP ZF | BS | EA | GD | EF | CD | AME | AL | NC [ KF | SF | DL | DD | CP | SG
GS 48 | .32 41 | 48 | 24 | 47 | 32 32 | .46 39 | 64 | 34 | 44| 40 | 44 | 46 35| 46 | 38| 31| 37| 34| 34| 46| .11
BO 47 49 | 48 | .35 | .62 | .38 44 | .56 59 | 49| 44| 39| 48| .29 | .35 50 | 32| 40| 37 | 46 | .24 | 37 | 45| 15
LB 049 | 35| .26 | 42 | .33 43 | .50 59 | 24 | 44| 33| 55| .23 | .36 35| 22| 34| 38| .38 | .16 | 21 | .29 | .14
GE 57 | .27 | 66 | .39 45 | .48 41 | 44 | 43| 51| 38 | .29 | 42 45 | 27 | 32| A4 | A7 | 28| 41| 49| .11
SM 45 | 52 | .42 52 | .66 37 | 58 | .29 | 46 | 42 | 50 | .57 53| 37| 46| 38 | 41| 32| 43| 64| .11
FC .36 | .23 37 | 46 35 (.34 .30 | .29 | 25| .26 | .32 341 30| 34 )3 |.19| 28| 27|45 | .11
SS 42 A7 | .52 53 | 49 | 41| 56| 45| .33 | .46 50| 31| 37| 43| .62 | .33 | 40 | B3 | .20
PG 44 | .38 38 | 46 | .22 | .37 | .38 | .36 | .35 48 | 40 | 47 | 44| 49| 28| 29| .39 | .05
ARE .53 50 | 35| .31 | 40| 44| .27 | 43 51| 40| 40 ) 49 | 41| 22| 30| 44| .14
MT 052 | 51 | 40 | 43 | 45| 44 | 53 61| 33| 35| .36 | .34 | 25| .36 | .56 | .15
PP 37| 43 ] 32| 54| .23 | .34 41 | 35| 44| 48 | 44| 18| 24 | 35| .14
ZF 27 | .37 | .33 | 50 | .37 42 | 57 | 47| 31| 35| .35 | .38 | .60 | .05
BS 39 | 30 | .21 | .27 33| 22| 20| 27 | .26 | .27 | .26 | .31 | .23
EA .36 | 41 | 53 50| 31| 29| 38 | 44 | 43| 31| 59 | .22
GD 34 | .49 35| 31| 53| 46| 49| 17 | 17 | 37 | 17
EF .50 52| 40| 45| 27 | 37| 37| 34| .50 | .13
CD 49 | 32| 40| 39 | 34| 27 | 22| 4B | .16
AME 36 | 33| 40 | 46 | 27 | 46 | 47 | 14
AL 45 | 46 | 28 | 42 | 26 | .52 | .06
NC 49 | 40 | 37| .18 | 42 | .05
KF 45 | 29 | 23 | .39 | 12
SF 25 | .33 [ .36 | .16
DL 24 | 45 | 14
DD 40 | 17
CP .09
SG

Overall | 41 | 45 | 37 | 43 47 | 33| 48 | 39 | 41 AT | 42 43 | 33| 42 | 40 | 38 | 41 | 44 37 |39 | 39| 40| .31 | 32 | 46 | .16

Note: Species abbreviation will be provided in the appendix.
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Table 11 Measures of the evenness vs. clustering of community assembly

Table 11 shows the measures of the evenness vs clustering of all the plots, young stands,
and mature stands of Key Largo tree species across niche space incorporating five
functional traits: (1) SLA; 2) WD; 3) TP; 4) TN; 5) HT:CL,; with the average coefficient
of heterogeneity over the five traits giving an overall measure of clustering vs. even
spacing. Statistically significant evenly spaced or clustered distributions, as identified by
null model tests, are indicated in bold (P < 0.05). Asterisk (*) sign was added to the
significant patterns at 0.05 level (*), 0.01 level (**), and 0.001 level (***).

Source Test Overall | SLA | WD TP TN HT:CL
Evenness | ns ns ns ns ns ns
All plots [ Clustering | <0.01** | 0.01** [ 0.02* | 0.001*** | ns ns
Evenness | ns ns ns ns ns ns
Young Clustering | <0.01** | 0.02* | 0.03* | 0.03* 0.04* | 0.02*
Evenness | 0.03* ns ns ns 0.03* |ns
Mature | Clustering | ns ns ns ns ns ns
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Figure 17 Species-trait bi-plot for PCA of Key Largo dry tropical forests

Species-trait bi-plot for PCA of Key Largo dry tropical forests: a) without grouping
species (top left); b) grouping by stand age group (L= late successional and E = early-
successional species) (top right); ¢) grouping by canopy position (S=sub-canopy or
understory, C= canopy) (bottom left); and d) grouping by leaf habit (E= evergreen,
D=deciduous) (bottom right). Data levels are six-letter codes (first three letters of genus,
first three letters) of species. The ordination is based on 12 functional traits (see Table 8),
un-weighted by species abundances.
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Figure 18 Community-weighted trait bi-plot for PCA of Key Largo dry tropical forests.

Data levels are six-letter codes for plots. The ordination is based on community-weighted
mean (CWM) traits, traits weighted for each species by its relative abundance in the
community.
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Figure 19 Relationship between trait and stand age.

Each point represents one of 23 sites in a 15-km continuous secondary forest in North
Key Largo. The dependent variables are the community-weighted mean trait values of the
vegetation at that site. The linear regression line is shown only for traits exhibiting
significant pattern (p=<0.05).
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CHAPTER 4
Variation in functional characteristics of Bursera simaruba (L.) Sarg., a dominant
tree species of tropical hardwood hammock forest across a habitat gradient in the
Florida Keys
(Reviewed in Functional Plant Biology journal)
Abstract:
Tree species in the coastal forests may exhibit specialization or plasticity in coping with
drought by changing in their stomatal morphology or activity, allowing for a balance
between gas exchange and water loss in a periodically stressful environment. We sought
to answer two primary research questions: a) how is variation in B. simaruba’s stomatal
traits partitioned across hierarchical levels, site, tree, and leaf and b) does variation in its
stomatal traits reflect physiological stress expressed across the habitat gradient of Florida
Keys forests? At eight sites distributed throughout the Keys, three mature trees were
randomly selected and five leaves were collected from each for stomatal analysis. Leaf
carbon stable isotope ratio (8*3C) was determined to infer the changes in water use
efficiency caused by physiological stress experienced by each tree. The results showed
that substantial proportions of the total variance in three traits (stomatal density, stomatal
size, and 5'°C) were observed at all levels, suggesting that processes operating at each
scale are important in determining trait values. A significant negative correlation between
stomatal density and size, and a positive correlation between leaf 5'°C and stomatal
density were observed across scales. A significant interaction between elevation and
ground water salinity was observed for both response variables (stomatal density and

length). Small and densely distributed stomates in tandem seems to represent a strategy

81



that allows B. simaruba to conserve water under physiological drought induced by higher
ground water salinity or increased elevation.

Keywords: Bursera simaruba, dry tropical forest, Florida Keys.

4.1 Introduction

The impacts of stress in plants growing in saline or flooded environments are
similar to the ones faced by plants growing in dry environments (Carrow & Duncan
1998), and are collectively referred to as physiological drought. Like drought stress, salt-
induced stress occurs when water intake is limited, in this instance when salt
concentrations in the soil solution rise above a critical level (Chartzoulakis et al. 2002).
Both salt and drought stress lead to cellular dehydration, which causes osmotic stress
(Bartels & Sunkar 2005). The effects of osmotic stress can harm woody plants through
cavitations of water columns within the xylem, or by toxicity of salts on biochemical
processes (Sternberg & Manganiello 2014). Flooding stress likewise is detrimental to
most terrestrial plants, resulting in dramatically reduced gas exchange between plants
roots and the soil environment during flood events. Physiological responses to flooding
stress resemble those brought on by drought stress; cellular O, levels may decline to
concentrations that restrict aerobic respiration, causing stomatal conductance to slow
down (Sojka 1992).

Plant evolution in a heterogeneous environment leads to one of two alternatives:
specialization to a fraction of the environmental heterogeneity (evolutionary
specialization); or generalized adaptation to a broad range of environments (i.e.,

phenotypic plasticity) (Bazzaz 1996; Van Kleunen & Fisher 2001; Agrawal 2001). One
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way that plants may exhibit specialization or plasticity in dealing with drought is by
changes in stomatal morphology or activity, allowing for a balance between gas exchange
and water loss in stressful environments. Species adapted to a broad range of
environments may respond to spatial and temporal environmental heterogeneity by
plasticity in stomatal traits. In contrast, species or genotypes specialized in drought
environment are less plastic in stomatal traits as evolution of these traits are specific to a
given environment (Valladares et al. 2000b).

Tropical dry forests of the Florida Keys occupy a wide range of physical settings,
including flood-stressed, salt-stressed, and water-limited environments. Trees in these
forests have two distinct sources of water: rainwater stored in an organic-rich soil layer
and groundwater present at some depth in the bedrock. The organic soil layer is typically
thin (< 30 cm), causing trees to depend in varying degree on groundwater as their water
source (Sternberg et al. 1991, 2007). Trees located at relatively low elevations have more
access to the groundwater because of their proximity to the water table, while trees at
higher elevations may become drought-stressed when soil water is exhausted. Although
these forests (locally known as hammocks) are infrequently flooded, those situated at
very low elevations (almost at the sea level) may suffer flooding stress when high rainfall
and/or high tides inundate the surface for brief periods. The third potential stressor is the
salinity of the water available to Florida Keys trees, which is affected not only by
elevation and source (rainfall or tides), but also by bedrock geology (Halley, Vacher &
Shinn 1997). In the easternmost (Upper) Keys, even the water closest to the surface is
brackish, because the coralline limestone that forms these islands is extremely permeable,

allowing groundwater to mix freely with surrounding seawater (Lapointe, O’Connell &
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Garrett 1990). In the lower Florida Keys, where a less permeable oolitic limestone
overlies the coralline rock formation, a freshwater lens operating under Ghyben-Herzberg
dynamic influences near the groundwater surface (Langevin, Stewart & Beaudoin 1998).
These geologic factors are critical, as both the salinity of the groundwater and the
proximity of tree roots to it may determine the magnitude of water stress and the nature
of plant response.

A hypothetical alignment of physiologic stresses and leaf characteristics is
illustrated graphically for a single mesophytic tree species in the Florida Keys (Figure 20-
Figure 21). The independent curve of stress with distance to the water table is concave,
with highest levels close to the water table and far above it, and lowest stress at
intermediate elevations (Figure 20). In contrast, stress increases monotonically with
increasing salinity, all else being equal. Tendencies in leaf architecture have not been
examined within a single tree species, where plasticity in stomatal density or size may be
expressed across sites, among trees within a site, or even among leaves within a tree,
depending on the scale at which the operative stress is expressed.

Stomatal traits are not the only leaf characters affected by physiological drought.
In many instances, carbon fixed in the leaves of physiologically stressed plants have been
shown to be enriched in the heavier isotope **C compared with the lighter isotope **C
(Farquhar et al. 1982; Brugnoli & Lauteri 1991; Lin & Sternberg 1992). When plants are
stressed, the rate of photosynthetic CO, assimilation decreases as a result of reduced
stomatal conductance and consequent restriction in the availability of CO, for
carboxylation. Therefore, 3C/**C ratios (expressed as §'°C, after standardization) may

track the trajectories of stomatal density and size in response to hydrologic conditions. It
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is expected that the response in leaf §C, as a direct reflection of plant stress, to follow
suit, varying with both the salinity of the groundwater table and its distance below the
soil surface.

Some studies have argued that an increase in stress caused by drought or salinity
causes plants to produce fewer and larger stomates to minimize their water loss by
transpiration under dry or saline conditions (Woodward & Kelley 1995; Franks, Drake &
Beerling 2009; Barbieri et al. 2012; Orsini et al. 2012; Sternberg & Manganiello 2014).
In contrast, other studies have shown that drought stress and arid climatic conditions
causes an increase in stomatal density and a decrease in stomatal size because plants with
larger stomata are slower to close and demonstrated a greater potential for hydraulic
dysfunction under drought (Gindel 1969; Hetherington & Woodward 2003; Galmés et al.
2007). Based on these two views, two alternative patterns are illustrated for a single
mesophytic tree species in the Florida Keys (Figure 21). If an increase in physiological
stress is associated with fewer and larger stomates, leaf '3C and stomatal density are
expected to exhibit a linear negative correlation (Figure 21A). On the other hand, if an
increase in physiological stress is associated with many and smaller stomates, leaf °C
and stomatal density are expected to exhibit a linear positive correlation (Figure 21B).
However, most studies that have explored differences among co-occurring species have
used controlled experiments, or comparisons among closely or distantly related species.
This study provides an example of a different approach by addressing hierarchical issues
of landscape-scale stomatal trait variance in a species with wide distribution in dry
subtropical forest where populations occur across the environmental gradient. Moreover,

in dry-tropical forest, our understanding of stomatal trait variation has been very limited,
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and physiological traits including stomatal traits are influenced by different processes
operating across distinct spatial scales ranging from regional environmental factors such
as climate, geology, elevation, groundwater salinity, to localized factors such as light and
soil environment (Gillison 2016). ldentifying which scales cause the most variation in
traits provides important information regarding the patterns and processes that are
ecologically most critical at that scale (McGill 2008). For example, the primary factors
that drive trait variation across the sites may include topography, disturbance, edaphic,
and hydrological factors, while factors that drive trait variation within a population (site)
are mainly because of phenotypic plasticity in response to micro-environmental
heterogeneity.

In this chapter, stomatal size and density in Bursera simaruba, a common tree
species in tropical dry forests of the Florida Keys were observed. Sampling leaves from
eight forests, | determined how small differences in environmental conditions such as
elevation, geology, and groundwater salinity affected both stomatal structure and
physiological stress, as reflected by carbon isotope ratios. In the process, variance in
stomatal traits were quantified across a hierarchy of scales: site, tree, and leaf levels.
Identifying which scales account for most of the variation in these traits can provide a
focus on patterns and processes at the spatiotemporal scales that are ecologically most
important (McGill 2008). Two primary research questions were answered: a) how is the
variance in stomatal traits (size and density) partitioned across the hierarchical levels?
and b) at the site level, does variation in B. simaruba (L.) Sarg. stomatal traits reflect

physiological stress expressed across the habitat gradient of Florida Keys forests?
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4.2 Materials and methods
4.2.1 Field sites and experimental design

The Florida Keys are a 210 km chain of islands running southwest from Soldier
Key, near the Florida mainland, to Key West. Conditions become progressively drier and
warmer with increasing distance from the mainland (Ross et al. 1992). The highest
elevation is only 5.5 m above the sea level, while most of the land area is below 2 m.
Eight study sites were chosen: three in the lower Keys, two in the middle Keys, and three
in the upper Keys (Figure 22). In each site a well was drilled to allow sampling of ground
water salinity and distance to water table, which was conducted at monthly intervals
during 1989-1992 (Ross, O’Brien & Flynn 1992). While subsequent research has shown
some increases in groundwater salinity since 1992 (Ogurcak 2016), these changes have
been small, especially in the interior locations where most of the study sites were located.
Because of the difference between the mean ground water level and mean sea level very
low (<30cm) in the Florida Keys, ground elevation can be used as an proxy to distance to
the water table (Ross et al. 2003). Soil depth was measured by probing to bedrock with a
metal rod during Aug-Dec 2014. Mean soil depth was calculated by averaging 20
equidistant measurements along a 20 m transect near the center of the hammaock.

B. simaruba was chosen as the study species because of its local abundance and
wide distribution within the study area. A tree pruner was used to collect newly matured
healthy, leaves from all eight sites during July-October 2014. To control for trait
variation because of light variation, leaves were collected only from outer canopy, fully
exposed to sun. Since, all data were collected during one wet season (July-October),

temporal variation in traits that occurs between seasons and years was minimized.
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Similarly, the youngest fully expanded leaves were collected to control for trait variation
associated with leaf development and aging. Three trees per site were selected randomly
and five leaves per tree were collected. Altogether, 120 leaves were sampled from 24
trees.
4.2.2 Stomatal density and size measurement

Using clear nail polish, leaf imprints were made, lifted off by tape, and placed on
a slide. Digital images of three randomly selected views of each leaf were taken under a
compound microscope. Stomatal density and size were analyzed in ImageJ (Rashand
2012). For stomatal density, the total area counted was 0.275 mm? at 160X magnification
and later converted to number of stomata per mm? for analysis. A total of 345 captured
fields of view were used. Imprint images that had visible leaf veins, which lacked
stomata, required a correction to the total area viewed (Vialet-Chabrand & Brendel
2014). Using the polygon-drawing tool in ImageJ, veins were digitized, and their area
calculated and subtracted from the total observed grid area. Stomatal size was determined
by measuring guard cell length i.e., the length between the junctions of the guard cells at
each end of the stomata (Xu & Zhou 2008), which represents the maximum potential
opening of the stomatal pore rather than the actual aperture (Maherali et al. 2002).
Stomatal length was measured using a compound microscope at 1000X magnification.
4.2.3 Carbon isotope analysis

We used the foliar stable carbon isotope ratio to infer the underlying variation in
physiological stress experienced by each tree. *C content of leaves was determined with

data expressed in “delta” notation (813C) as:

8'C = [(Rsample/Rstandard) — 1] x 1000
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where Rsample aNd Rstandara are the ratios **C:**C of the sample and standard, respectively,
and Rstangarg TOr carbon is of marine fossils of the Pee Dee Belemnite.
Sample processing was done by drying at 65 °C to constant weight, grinding the
samples to a fine powder, and combusting 2—-3 mg subsamples in an elemental analyzer
(Carlo Erba) coupled to an isotope ratio mass spectrometer (IRMS Delta Plus, Finnigan
Mat, San Jose, CA, USA) operating in the continuous flow mode at Southeast
Environmental Research Center stable isotope laboratory, Florida International
University, Miami, USA .
4.2.4 Data Analysis
We used a linear mixed model to partition the variance in stomatal traits and leaf

8'3C among the following levels: across sites, among trees within a site, and among
leaves within a tree. Mixed models that specified this nested structure were fitted using
the ‘varcomp” function in ‘nlme’ library of R (R Developement Core Team 2015) with
restricted maximum likelihood estimation. The code used in R to calculate the variance
partitioning of the stomatal density trait across the nested scales for the full model was:

Varcomp.SD<-  varcomp(Ime(stomatal  density~1, random=~1|Site/Tree/Leaf,

na.action = na.omit)
The same model was applied to stomatal size and leaf §*3C. The variance attributable to
each hierarchical level was expressed as a percentage of the total variance. We also
plotted and calculated the linear correlations between stomatal traits and leaf §**C.

Multiple regression analysis was used to observe stomatal trait response to

environmental variables (ground elevation and ground water salinity). Environment

variables were log-transformed before analyses to make normal distribution, while
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stomatal density and stomatal length were normally distributed and used as response

variables in multivariate analyses without transformation.

4.3 Results
4.3.1 Variation in environmental variables across sites

Environmental variables (ground elevation, distance to water table, soil depth,
and GWS) varied across sites (Table 12). Ground water salinity ranged from (2 to 24 %),
maximum in Key Largo site (23.44%, KL3) and followed by Lignumvitae Key (20.42%,
LV1), while lowest in Sugarloaf Key (2.78%, SL2). Similarly, distance to water ranged
from 38 cm (SL1) to 328 cm (KL3), and ground elevation ranged from 66 cm in
Sugarloaf Key (SL1) to 379 cm in Key Largo (KL3). Mean soil depth across sites ranged
from 10 cm to 21 cm (Table 12).
4.3.2 Variance Partitioning in leaf traits

Results of the decomposition of the total variance in stomatal density, stomatal
size, and leaf 8*3C among the hierarchical levels are shown in Table 13. For stomatal
density, the proportion of the total variance was well distributed across the three scales,
with the highest proportion at the site level (41%) and the lowest percentage at the leaf
level (21%). However, the bulk of the variation in both stomatal size and leaf §*3C was
found at the leaf level (61% and 76%, respectively), while variation at tree and site levels
was very low (12% and 9%, respectively).
4.3.3 Relationships among leaf traits

Stomatal density ranged from 350 to 1017 mm™, and stomatal size ranged from

14 to 32 um. Despite considerable variation within sites, stomatal density exhibited an
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inverse relationship (negatively correlation) with stomatal length at the site level (r = -
0.64, p < 0.05, Figure 23).

Leaf &%C ranged from (-33.13 to -25.12). Leaves in three upper Keys sites,
underlain by brackish groundwater, were most enriched in the heavy carbon isotope (high
8'3C), indicating relatively high stress; in turn, lower Keys sites with fresher groundwater
showed more depleted carbon signatures. Leaf §'3C was positively correlated with
stomatal density (r = 0.61, p = 0.02; Figure 24).

4.3.4 Stomatal traits and environmental variables

Multiple regression analyses were used to exhibit how stomatal traits co-vary with
ground elevation and ground water salinity (Table 14). A significant interaction between
elevation and GWS was observed for both response variables (stomatal density and
length). Furthermore, a significant linear relationship between stomtal traits was observed
with GWS but no significant linear pattern was observed for ground elevation for both
stomatal traits (Table 14). Stomatal density was observed higher at very low elevation.
The density decreased in the middle, but slowly increased with increase in elevation
(Figure 25). While stomatal density linearly increased with ground water salinity.
Similarly, stomatal length linearly decreased with increase in GWS, while it was higher
at low elevation and slowly increased and again decreased at very high elevations, a

hump-shaped pattern was observed (Figure 26).
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4.4 Discussion
4.4.1 Stomatal trait partitioning across scales

Variance in leaf traits was observed at all levels, suggesting that processes
operating at all three scales are important in determining trait values. Site level variation
might arise from adaptations to environmental differences across the study area. Dry
tropical forests in the Florida Keys are water-limited ecosystems in which trees go
through a long (usually more than five months) dry period each year. Sites vary in
freshwater availability, depending on factors such as soil depth, geographical location,
proximity to the water table, and ground water salinity (Table 12). The conceptual
models presented in Figure 20 and Figure 21 outline our expectations if trait variation is
driven primarily by broad differences among sites in three environmental characteristics
(soil depth, elevation, and GWS). Depending on their strength, sources of among- and
within-tree variation are likely to obscure these relationships.

Though we attempted to minimize this source of variation by sampling fully
developed and healthy leaves from the upper canopy (dark green with no visible damages
as a result of herbivory or disease), a large amount of trait variation was observed at leaf
level for all three traits (>21%, Table 13). The origin of trait variation at the leaf level
may be biological or physical. In the first category, the phenomenon of apical dominance
arises out of interference competition. The apical meristem produces auxin, a growth
substance that diffuses downward through tissue and inhibits the growth of lateral
meristems. During branching, the apical meristems of a plant compete with one another
for resources (light, water, nutrients, Keddy 2001). Height growth in fast-growing trees

such as B. simaruba may be effectuated by a few meristems, which suppress the
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development and elongation of lateral shoots. Therefore, variation in leaf traits within a
tree might be expressions of internal competition between branches for limited resources.
Likewise, all portions of the crown do not experience the same environment, especially
with respect to access to sunlight. Branch shading within a crown is likely to create
asymmetric within-canopy competition for resources between individual branches. In
addition, leaves of tall trees like B. simaruba are susceptible to occasional airborne small
doses of salt spray brought by wind and wave activities in coastal environments, and salt
deposition may be unevenly distributed within the canopy. The effect of salt spray is even
more pronounced where water availability is limited (Griffiths & Orians 2003), as it is in
the Florida Keys’ forests. Salt deposition on leaves during and/or after leaf development
may create physiological stress, and contribute to variation in leaf structure or function.
Our analysis of variance partitioning suggests that the leaf traits we examined in
B. simaruba differed in their responses to short-term or fine-scale environmental
variation; the overwhelming concentration of variance in stomatal size and §'°C at the
leaf level contrasted sharply with the large proportion of variance in stomatal density
found at the site level. Variation in stomatal traits among trees within a site, and among
leaves within a tree is likely to be affected by both environmental and biological factors.
Within-site variability in plant traits may result from microtopographic differences. In
Florida Keys’ dry tropical forests, physical and chemical erosion has produced a rough
karst surface characterized by peaks and valleys that can vary by decimeters to meters
over very short distances. On well-drained sites in the lower Keys, trees at lower
elevations may be favored by better access to fresh groundwater than those on higher

ground. Biological factors such as neighbor effects are also likely to come into play at
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this level, as a result of competition among trees for resources in limited supply (water,
light, nutrients). Similarly, within-site variation may also occur because of genetic
variation among the individual trees. B. simaruba seeds are generally dispersed by birds,
which are likely to disperse fruits to nearby islands, resulting in mixing of the seedling
pool, while allowing for genetic segregation among distant population clusters may point
to differences in plasticity among traits (Franks, Weber & Aitken 2014). The large
proportion of variance in stomatal density among populations at the site level may
indicate that variation in this trait may result from a long-time selective pressure in
environments with different water availability (Dunlap & Stettler 2001; Abbruzzese et al.
2009), and therefore might comprise adaptive responses to persistent differences in
freshwater availability across sites. In contrast, variation in stomatal size and leaf §*°C
may be reflective of plastic responses to microenvironment. For instance, leaf §'°C is
considered a short-term response to the current environment, as it carries a temporally
integrated signature of foliar photosynthesis and stomatal conductance (McDowell et al.
2011). Similarly, in a shade-house experiment, Aasamaa et al. (2001) observed
significant changes in stomatal length of tree species subjected to water stress over short
periods, while stomatal density varied only slightly among the same trees. Therefore,
changes in stomatal size and leaf '°C in B. simaruba seem to be short-term plastic
responses to changes in microenvironment expected at the tree or leaf levels, while
changes in stomatal density might be in response to relatively long-term or macro-scale
environmental changes (Schoch, Zinsou & Sibi 1984; Casson et al. 2009; Haworth,

Elliott-Kingston & McElwain 2011).
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4.4.2 Stomatal traits and plant stress

The relationship between stomatal size and density is mainly determined by two
factors: ontogenetic process and leaf size (Beerling & Chaloner 1993). Stomatal density
may be affected by ontogenetic process causing cell expansion or shrinkage during leaf
development stages (Ceulemans, Praet & Jiang 1995). For instance, increases in leaf size
with increasing moisture and/or nutrient availability (Cunningham, Summerhayes &
Westoby 1999; Fonseca et al. 2000) may cause decreases in stomatal density because of
increases in the size of both epidermal and stomatal guard cells. In contrast, drought and
high irradiance can reduce leaf area (Lee et al. 2000; Schurr et al. 2000), causing stomata
to be packed more densely. Therefore, a high stomatal density could be the outcome of
either the formation of a larger number of stomatal cells in the epidermis during leaf
development, or of the failure of the leaf to expand fully, leaving a fixed number of
stomates within a smaller leaf. Alternatively, low stomatal density might be the result of
rapid cell growth, which would increase the distance between stomates and decrease their
density, or a product of low stomate formation. In present study, total leaf size was not
measured on the same leaves analyzed for stomatal traits. However, in a parallel study at
the same sites, leaf area on 3-5 leaves from 1-3 B. simaruba trees per plot were measured
(Subedi unpublished manuscript), and no significant difference in leaf size was observed
among sites (p=0.54). It suggests that the inverse relationship between stomatal density
and size found in the present study may not be a result of shrinkage of the leaves, and is
more likely the result of an ontogenetic process.

The inverse relationship between stomatal density and stomatal size is generally

explained as a coordinated response to management of stomatal conductance and
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transpiration under stressful conditions (Gindel 1969; Franks & Farquhar 2001; Uprety et
al. 2002; Sternberg & Manganiello 2014). To explain the inverse relationship between
stomtal density and size, we proposed two opposing patterns in our study species based
on contrasting views (Figure 21A and B). Our results more closely matched the second
hypothesis (Figure 21B), as we observed a positive correlation between leaf §*C and
stomatal density (Figure 24). The rationale often proposed for such results is that plants
with large stomates are less proficient at regulating stomatal closure and opening, and
hence respond poorly to drought (Aasamaa, SOber & Rahi 2001; Hetherington &
Woodward 2003; Drake, Froend & Franks 2013), while being well suited for more
favorable moisture conditions (Hetherington and Woodward, 2003). Further support for
this view may be drawn from observations of stomatal density increase with ground
elevation and ground water salinity (Figure 25). As we expected, slight variation in
elevation in trees’ position might have significantly influenced the availability of
freshwater in Florida Keys. Observed higher stomatal density and lower stomatal size in
trees located at lower elevations might have more access to the groundwater because of
their proximity to the water table, when ground water is fresher. High stomatal density
and low stomatal size with increase in elevation and ground water salinity might be
associated with an increase in drought stress. Studies reporting contrasting results (Figure
21A) were mostly on the basis of comparisons among species or functional groups
(Woodward & Kelley 1995; Franks et al. 2009; Barbieri et al. 2012; Orsini et al. 2012;
Sternberg & Manganiello 2014), rather than within individual species. For instance, salt-
tolerant species mangroves were reported to have fewer and larger stomates than

freshwater species (Sternberg & Manganiello 2014) which could be the result of
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evolutionary specialization to a consistently stressful environment. Studies have shown
that species specialized in less favorable environments often lack plasticity (e.g.,
Valladares et al. 2000a). Therefore, a wide variation in stomatal traits across the habitat
gradient is likely to be the result of adaptive plasticity across the heterogeneous
environments.

B. simaruba, the subject of our investigation, is a freshwater species with a wide
geographical distribution across the environmental gradient, but possibly with limited
ability to tolerate salt stress, as observed in other hammock species (Sternberg & Swart
1987). It is a tall canopy tree, often reaching 15m, with high growth rate, very low wood
density (0.30 gcm™), and high specific leaf area (300 cm?g™). Though trees growing on
surfaces in close proximity to brackish groundwater did exhibit some evidence of
hydraulic stress, in a parallel study at the same sites showed a non- significant structural
differences (height, crown dimensions, diameter at breast height, leaf area) among B.
simaruba populations (Subedi et al. unpublished manuscript). Therefore, regardless of
any habitat differences that might affect resource availability, all sampled populations
had sufficient hydraulic and stomatal conductance to enable the good supply of water and
CO0, needed for growth. Canopy species in dry habitats are known to be opportunistic,
capable of high stomatal conductance and photosynthetic capacity that enables rapid
growth during short periods of water availability (Hetherington & Woodward 2003). §*3C
can be used as an indirect measure of water use efficiency and stomatal conductance
during drought stress (Hultine & Marshall 2000; Franks et al. 2009), a positive
correlation between leaf 8*3C and stomatal density may signify that one effect of

physiological drought is an increase in stomatal density in B. simaruba leaves. It seems
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that a trade-off between many and small stomates in stressful environments, and large
and few stomates in less stressful environments may be a strategy pertinent to rapidly
growth canopy species across the environmental gradient. Small stomates have the ability
to open and close rapidly, and their association with high stomatal density may provide
the capacity for rapid increases in the stomatal conductance of a leaf during favorable

conditions (Hetherington & Woodward 2003).

4.5 Conclusions

Results suggest that stomatal characteristics may be viewed as adaptive traits that
play an important role in water relations for B. simaruba populations. The observed
variation in stomatal size and density in B. simaruba individuals could determine the
capacity of the trees to adapt to various levels of physiological stress. Stomatal density
and size of B.simaruba trees may change with the level of physiological stress, as
expected in plants with the capacity for phenotypic plasticity in heterogeneous
environments (Valladares, Gianoli & GoOmez 2007). The present study suggests that
B.simaruba has the ability to alter its stomatal traits in response to environmental
changes, as a result of plasticity under drought conditions. Production of the combination
of small and densely distributed stomates seems to represent a strategy that allows B.
simaruba to conserve water under conditions of periodic physiological drought by
maintaining stomatal control. This variability may be called upon as the coastal forests
that it inhabits are exposed to the higher salinity and locally droughty conditions that will

accompany global warming and sea-level rise. Furthermore, repeating this analytical
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approach on individuals subjected to serial changes in drought intensity may confirm this
pattern.
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Table 12 Environmental variation across sites.

Sites with mean ground water salinity (GWS), ground elevation, and soil depth. Site
ID’s: KL = Key Largo, LV = Lignumvitae Key, BPK = Big Pine Key, SL = Sugarloaf
Key.

Site GWS (%) Distance to water | Elevation Soil depth (cm)
table (cm) (cm)
KL1 3.80 47.29 69.71 12
KL2 15.25 121.26 156.48 10
KL3 23.44 328.46 379.54 20.4
LV1 20.42 258.48 291.27 10.2
LV2 13.83 49.07 73.62 10.3
SL1 9.81 38.23 66.1 12.7
SL2 2.78 69.81 78.60 15.2
BPK 4.65 54.27 79.68 15.3
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Table 13 Decomposition of the total variation in stomatal density, stomatal length, and
leaf 8"3C traits across three hierarchical levels (site, tree, and leaf)

Groups | Stomatal density (%) | Stomatal size (%) | Leaf 613C (%)

Site 41 12 9
Tree 30 17 5
Leaf 23 61 76
Residual | 6 10 9
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Table 14 Multiple regression analyses results.

Table 14 showing multiple regression analyses results esponse variables (stomatal density
and length) and independent variables as ground water salinity (GWS) and elevation and
their interaction (Elevation *GWS).

Response Predictors r? p-value
variable
Log Elevation + Log GWS+ Elevation*
GWS 0.58 | <0.001
Stomatal Log Elevation + Log GWS 0.37 | <0.01
densit
enstty Log Elevation 0.07 ns
Log GWS 0.36 | <0.001
Log Elevation* Log GWS 0.39 | <0.01
Log Elevation + Log GWS+ Elevation*
GWS 0.60 | <0.01
Stomatal Log Elevation + Log GWS 0.27 | <0.05
length .
g Log Elevation 0.09 ns
Log GWS 0.26 | <0.01
Elevation* GWS 0.33| <0.05
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Figure 20 Plant stress in response to distance from the ground water table and salinity

—
—

2 g
w o
E E
= 3
Stomata density =— Stomata density =————3
€——— Stomata size «€— Stomata size
A B

Figure 21 Hypothesized two alternative models in response to plant stress

A) stomatal density decreases with increase in stress (8*3C), B) stomatal density increases
with increase in 8°C.
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Figure 22 Map showing study locations.
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Figure 23 Relationship between stomatal density and stomatal length at site level.

The regression line is fit to site level means. Error bars represent standard errors of mean

(n=15 for each site).
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The regression line is fit to site level means. Error bars represent standard errors of mean

(n=15 for each site).
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Figure 25 Surface plot showing stomatal density co-variation with GWS and elevation

Figure showing a 3-D surface plot resulted from quadric fit by using multiple regression
showing stomatal density (SD, no mm™) as a function of ground elevation (Elevation)
and ground water salinity (GWS).
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Figure 26 3-D surface plot showing stomatal length co-variation with GWS and elevation

Figure showing 3-D surface plot resulted from quadric fit by using multiple regression
showing stomatal length (SL, um) as a function of ground elevation (Elevation) and
ground water salinity (GWS).
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CHAPTER 5
SYNTHESIS
This dissertation provides an investigation into the predominant patterns of trait
variation across south Florida and Florida Keys hardwood hammock communities. The
present work is focused on the role of plant functional traits in community assembly and
structure. In this study of the environment—species—trait relationship, | find four main
results, discussed in brief below.

First, there are significant, deterministic community assembly rules that influence the
hardwood hammock forest community. Both local and regional processes influence the
filtering of species from the regional species pool into local communities. The shifts in
trait values across the habitat gradient appear to indicate that variation in individual
physiology and morphology allow individuals to better respond to differing external
filters. For most traits and sub-regions, the external filtering process functions on the
level of individuals instead of species. Individuals with traits matching the local
community are successful in establishing under a community’s external filters. I observed
a significant change in community weighted mean trait values across the environmental
gradient, from fertile sites with high nutrient and moisture availability to dry and highly
isolated resource-limited environments in coastal and pineland hammocks. The strong
shift in community traits along the environmental gradient is linked to alternative
strategies, from resource-acquisitive characteristics such as large maximum height, low
wood density, and high specific leaf area on the one hand, to short canopies, high wood
density, and low specific leaf area, suggesting a strategy of long-term investments in

leaves and wood.
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Second, community assembly rules differ between young (habitat filtering) vs mature
hammock (competition, trait differentiation) forests. Shifts in community weighted trait
means across the successional gradient suggests that the axes on which species are
differentiated also shift with the abiotic and biotic environment during the process of
succession. The age of communities influences species filtering, indicating that
community assembly and the relative importance of different filters change in
successional time. Young forests are shaped by environmentally driven processes, while
mature communities were shaped by competitively driven processes.

Third, my work shows that trends in trait variation across the environment are the
result of both intra- and inter-specific variation within a community, with intra-specific
shifts playing a key role for a few traits, particularly leaf nutrient traits: TN, TP, and 5"*C.
My study is the first to combine measures of both intra- and inter-specific trait variation
within plots across the habitat gradient represented by coastal, pineland, and marsh
matrices that surround south Florida hammocks. Though understanding of how both
intra- and inter-specific variation change over environmental gradients is currently
limited, my findings showed that trait variation at both levels influence community
assembly patterns at regional and local scales.

Fourth, the pairing of small and densely distributed stomates seems to represent a
strategy that allows DTF species, represented here by B. simaruba, to conserve water
under physiological drought. Trees in coastal areas may exhibit specialization or
plasticity in coping with drought by changes in their stomatal morphology or activity,
allowing for a balance between gas exchange and water loss in a periodically stressful

environment. Species in hardwood hammocks might have the ability to modulate
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physiological response to environmental change, by altering the size and number of their
stomates in response to a wide range of physical stresses, including flooding, drought,
and salt water. Plasticity in stomatal architecture seems to represent a strategy that allows

local species to conserve water under conditions of periodic physiological drought.

5.1 Significance of the work

The hardwood hammock community is a forest ecosystem that, in the United
States, occurs only in extreme south Florida. Hardwood hammock is a rare forest type
which is characterized by high plant diversity of trees and shrubs of West Indian origin.
In the Florida Keys, hardwood hammocks provide important habitat for many federally-
listed and state-listed endangered plants and animals (USFWS 1999). Hardwood
hammock functions are involved in physical, chemical and biological processes that
sustain the whole Everglades ecosystem. Examples of hammock function include
provision of habitat for different animal species (biotic), and a nutrient sink that permits
the oligotrophic characteristic of most other Everglades plant communities to be
maintained (Ross et al. 2006; Wetzel et al. 2009). These forests are under intense
development pressure, particularly because of their presence on high elevation sites that
are relatively safe from flooding. While several studies have focused on the ecology of
plant species in these forests, none have attempted to identify mechanisms of community
assembly, which are extremely important if the remaining forest habitat is to be
conserved by (Feeley 2003; Mouillot et al. 2005a).

Trait-based community assembly rules allow a more insightful interpretation of

shifts in species composition and functions along the environmental gradient. This
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understanding helps to address several fundamental issues in community ecology,
including questions about the degree to which community patterns reflect abiotic and
biotic interactions, driven by resource limitation and competition, respectively. My work
can contribute to the identification of community/species’ traits that can serve as reliable
indicators of alterations of environment quality. Thereby they can contribute towards
timely actions aimed at preserving the habitat function and biodiversity.

The functional-trait approach promises a better prospect to understand the
filtering process across hierarchical levels. The global changes expected to occur in the
next century will possibly modify environmental filters at all scales, including climate,
disturbance regime and biotic interactions (Diaz, Hector & Wardle 2009). Given a certain
scenario of future climatic conditions, and assuming consistent trait-environment
linkages, the present distribution of plant traits in space, particularly along the south
Florida stress-productivity gradient, may be used a proxy for changes in time. Since plant
traits are found to strongly influence ecosystem functioning (Diaz et al. 2004), this study
may be also seen as a first step towards a trait-based prediction of fundamental
community and ecosystem processes in this region, applicable at a range of spatial and
temporal scales. Similarly, variability observed at hierarchical scales may soon be called
upon, as the coastal settings that hardwood hammocks inhabit are exposed to the higher
salinity and locally droughty conditions that will accompany global warming and sea-
level rise. My study supports the notion that understanding species co-existence requires
knowledge of the individual level of trait variability. Furthermore, both abiotic stress and
biotic interactions together appear to drive changes in community functional

composition.
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An additional benefit of the study is the contribution of plant trait data for South
Florida to global data systems. Filling this information gap will aid in placing the region's
vegetation within a broader context. This work also creates a foundation for future
experimental work. Connecting my analyses of shifts in species traits and community
composition to mechanistic thinking on how plant communities are constructed, function,

and interact will aid in many ways for forest management.

5.2 Potential future Research
The dissertation concludes by offering thoughts on the most pressing and instructive
directions for future study of hardwood hammaock forests in South Florida.

My analyses include four different sub-regions within a landscape that differs in a
number of ways, including regionally variable environmental factors such as rainfall,
freshwater availability, and soil qualities. Future studies are needed to relate traits to
direct measurement of local environmental variables, especially from the Long Pine Key
area which are missing from this study, in order to disentangle the effects of potentially
confounding abiotic and biotic factors (Kérner 2007; Malhi et al. 2010).

Below ground traits have barely been studied, let alone how those traits might
figure into DTF community responses to anthropogenic impacts or restorative actions.
When only above-ground traits are accounted for, conclusions about variation in
ecological strategies for woody species in South Florida are limited, and how below-
ground strategies differ across spatial scales, life forms or taxa could not inferred.
Findings from leaf nutrient analysis in this study showed extraordinary variation in leaf

nutrient concentrations at the individual level (chapter 4), i.e., between trees of the same
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species within the same community; this variability may be part of a strategy that also
involves below-ground traits that affect the degree of nutrient limitation, e.g., fine root
production, mycorrhizal association, root branching, or root diameter, etc. (Laliberté
2017). Therefore, extending the work I’ve reported to include below ground traits will
certainly help to further understanding of community assembly patterns across various
habitat gradients.

To more strongly link traits to plant fitness, testing for abiotic and biotic filters
through a trait-based approach should be expanded to include experimental and
demographic analyses (Cornwell & Ackerly 2009; Hillerislambers et al. 2012).

Plant invasions are a serious threat to natural and managed ecosystems in south Florida
and worldwide. The number of species involved and the extent of existing invasions
renders the problem virtually intractable, and it is likely to worsen as more species are
introduced to new habitats and more invaders move into a phase of rapid spread.
Compared to non-invasive species, invasive plants generally have higher values for
performance-related traits characterizing physiology, leaf-area allocation, shoot
allocation, growth rate, size and fitness (Van Kleunen, Weber & Fischer 2010). Although
only a handful of invasive non-native individuals were found in a few sites in my study,
perhaps because my network of sites was in remote areas far from human disturbances,
hardwood hammock communities in south Florida suffer from a high invasion rate by a
range of tropical ornamental and agricultural plants. One factor affecting the vulnerability
of hammocks is a result of highly-disturbed hydrologies, brought about by water
management (Brooks, Lockwood & Jordan 2013). Hammocks present in disturbed areas

are severely invaded from invasive plant species such as Brazilian Pepper (Schinus
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terebinthifolius), Australian pine (Casuarina equisetifolia), Melaleuca (Melaleuca
quinquenervia), and Lygodium microphyllum (a vine) which are gradually approaching
remote and pristine areas where their presence is still very low. Thus, it is important to
study whether different traits favor invasion in different habitat types, for instance urban
areas, pinelands, marsh, and coastal environments, or are effective in undisturbed natural
habitats or highly disturbed anthropogenic habitats. Future studies need to explicitly
address whether traits associated with invasiveness differ among habitat types. In
addition, study of seedling growth rates of invasive tree species and native tree species
under different conditions might increase our understanding of the traits that are
consistently associated with invasiveness, and under which conditions they can be more
successful in replacing native species.

Studies carefully designed to examine how traits vary over time, space, and
phylogeny would tell us a great deal about the ecological and evolutionary importance of
traits and help us build a more predictive framework of principles and models. Species
traits offer a potentially powerful lens for understanding outcomes of biotic interactions,
across a broad spectrum of abiotic contexts. As discussed in this study, there is concrete
evidence that environmental habitat filtering and limiting similarity are the two dominant
processes that underlie community assembly. However, the contemporary interpretation
of habitat filtering and competition in community ecology also relies on the use of
phylogenetic clustering (trait similarity) and phylogenetic over-dispersion (trait
differentiation, Webb et al. 2002; Willis et al. 2010). The prevalence of one assembly
pattern over the other in a community therefore may also depend on the evolutionary

conservatism or convergence among ecologically relevant traits (Cavender-Bares et al.

114



2004a). Therefore, future work needs to explore if the reflection of one assembly pattern
over the other in a community depends on evolutionary conservatism or convergence
among ecologically relevant traits, using community phylogenetics across various sub-

regions, or even the whole South Florida region.
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APPENDIX

Appendix A

Species code

SN Code Species Family
1| AL Ateramnus lucidus Euphorbiaceae
2 | AME | Amyris elemifera Rutaceae
3| ARE Acrdisia escallonioides Myrsinaceae
41 BO Bourreria ovata Boraginaceae
5| BS Bursera simaruba Burseraceae
6| CD Coccoloba diversifolia Polygonaceae
7| CP Calyptranthes pallens Myrtaceae
8| DD Drypetes diversifolia Euphorbiaceae
9| DL Drypetes lateriflora Euphorbiaceae
10 | EA Eugenia axillaris Myrtaceae
11 | EF Eugenia foetida Myrtaceae
12 | FC Ficus citrifolia Moraceae
13| GD Guapira discolor Nytaginaceae
14 | GE Guettarda elliptica Rubiaceae
15 | GS Guettarda scabra Rubiaceae
16 | KF Krugiodendron ferreum Rhamnaceae
17 | LB Lysiloma bahamense Fabaceae
18 | MT Metopium toxiferum Anacardiaceae
19 | NC Nectandra coriacea Lauraceae
20 | PG Pithecelobium guadalupense | Fabaceae
21 | PP Piscidia piscipula Fabaceae
22 | SF Sideroxylon foetidissimum Sapotaceae
23 | SG Simarouba glauca Simaroubaceae
24 | SM Swietenia mahagoni Melliaceae
25 | SS Sideroxylon salicifolium Sapotaceae
26 | ZF Zanthoxylum fagara Rutaceae
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Citations in the text were given all author names up to three authors. Citations by four or
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Books:
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Population, and Community Ecology. Cambridge University Press.
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