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ABSTRACT

Studies of tra#based plant community dynamics typically rely on null model
analyses of functional trait and plietvel composition data from a single growing season.
The inclusion of communitjevel temporal dynamics, however, is vital in investigations
of community dynamics as the type and strength of biotic and abiotic filters shaping the
structure of plant communities may change through time. Oscillations between filter
types may help explain the conflicting findings of previous shyglar studies and
provide a more accurate picture of how plant communities form and persist. Here, we use
multivariate and univariate approaches to determine functional overlap in-tefomg
herbivore exclusion experiment in Ontario, Canada. We found that functionamverl
changed across time without direction, differed between individual traits, was sensitive to
herbivory, andliffered betweemollination systems. Our findings highlight the

importance of using lorterm data in tratbased community dynamics studies.
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1. Introduction

1.1 General introduction

One of the fundamental questioncommunity ecology is how species coexist
under natural conditions (Tilman 1988; Silvertown 2004). Multiple theories have been
proposed to explain species coexistence (Gause 1934; Hutchinson 1959; MacArthur and
Levins 1967; Wilson 1999; Bell 2000; Chess@®@; Hubbell 2005; Adler et al. 2007),
but at present, no consensus exists as to which of these theories, if any, best explain
biodiversity in natural communities (Valladares et al. 2015). Identifying the mechanisms
that shape the formation and maintenaofcdiverse ecological assemblages is of
increasing importance, as the frequency and intensity of disturbances that can disrupt
natural systems and processes increase (Loreau 2000; Fraterrigo and Rusak 2008;
Thibault and Brown 2008; Murphy and Romanuk 20412d the number of undisturbed
communities composed primarily of endemic species decrease (Ellis et al. 2012; Vellend
et al. 2017). Clarifying the concepts of community assembly and incorporating them into
studies of disturbance can enable us to devetdpaaer picture of how these
disturbances impact natural communities (Bertrand et al. 2011; Thuiller et al. 2012,
Bhatta et al. 2018) and inform conservation and restoration efforts (Ureta and Martorell
20009; Leffler et al. 2014). It is for these reastra refining our understanding of the
processes involved in community assembly should be of broad interest to both theorists

and land managers.



1.2 Theoretical framework

The conceptual basis of this thesis stems from the theory of limiting similarity,
which states that the coexistence of species is possible due to a minimum level of
dissimilarity (MacArthur and Levins 1967; Abrams 1983). We focus on this particular
theory as it integrates well with other theories of coexistence (Scheffer et al. 2018;
Chessn 2000) and presents predictions about functional trait similarity that may be
sensitive to our variable of interest: time. Under this framework, increased similarity
among species should equate to increased competition for resources, which in turn would
lead to some species in the community being more prone to exclusion (Hardin 1960;
MacArthur and Levins 1967; Stubbs and Wilson 2004; Perrone et al. 2017). The
reasoning for this is the connection between form and function; phenotypic
characteristics are peesentative of species performance on various axes of a
Hutchinsoniam-dimensional niche, and species that overlap strongly on multiple axes
should not coexist (Hutchinson 1957; Treurnicht et al. 2020). Simply put, the theory of
limiting similarity state that species using the same strategies to acquire the same
resources should not be able to persist in the same place over time. The degree of
similarity within plant communities is not only shaped by interspecific variabiohalso
by variation withinspeciesindividuals of the same species can vary considerably from
one another, and this intraspecific variation careful consideration when examining
communitylevel patterns of functional similarity (Cianciaruso et al. 2009).

Intraspecific variation is&n important component in this framework as it has been
linked to niche width (Violle and Jiang 2009; Violle et al. 2012; Fajardo and Siefert

2019; Treurnicht et al. 2020). Wider intraspecific variation in phenotypes affords species
2



more space within thache to respond to the various biotic interactions (Fridley et al.

2007; Fridley and Grime 2010; Abakumova et al. 2016) and abiotic processes (Crutsinger
2006; Hughes et al. 2008; Siefert et al. 2015) proposed to act as filters in the community
assembly pocess.

The assembly of natural plant communities is widely assumed to be impacted by
three prominent filters: dispersal, abiotic processes, and biotic interactions (Kraft et al.
2015a). Dispersal should act as an important filter at moderate to large iscahtural
conditions, as the establishment of any new species in a community is presupposed by the
delivery of an adequate amount of viable seeds or vegetative tissue. At finer scales,
dispersal can also influence community assembly through mass efteetein species
that are ill suited to a particular habitat are still found there because of a persistent influx
of seeds from neighbouring areas (Shmida and Wilson 1985; Schamp et al. 2016;
Metcalfe et al. 2019). Abiotic filters include environmentaitéas that can limit the
establishment of species in a region; this filter type clearly plays a role at large scales,
with species being differentially adapted to contrasting conditions (e.g., wet vs. dry
environments; Rohal et al. 2019). Abiotic variatioay also play a role at smaller scales
in patchy environments (Hutchings et al. 2003; Baer et al. 2004; Qatdaios et al.

2012; Xue et al. 2013), or in homogenous environments where conditions change broadly
through time (e.g., preand posidroughtevents; Ploughe et al. 2019).

At smaller scales, or when resources are well mixed (Huisman and Weissing
1994; Huisman et al. 1999; Burson et al. 2018), biotic filters, including but not limited to
intra- and interspecific competition for resources (Craind Dybzinski 2013; Menezes

et al. 2020) or facilitation (Bertness and Callaway 1994; Callaway et al. 2002; Brooker et
3



al. 2008), have been proposed to be a central force determining the composition of a
community (Tilman 2004). Individual plants, howevare not limited to interactions

with other plants; positive and negative interactions with other organisms in the form of
pollination (Sargent and Ackerly 2008), herbivory of varying intensity (Limb et al. 2018),
alteration of seed banks (Edwards andwleg 1999), and disturbance of the

environment through actions such as digging (Tardiff and Stanford 1998; Doak and Loso
2003) all have the potential to influence the composition of a plant community.

Directly measuring the impacts dispersal, interactiorsuch as competition and
herbivory, and abiotic filtering can be challenging; however, variation in functional traits
can be used to indirectly examiggecies responses to these processes (Violle et al. 2009;
Kunstler et al. 2016;unk et al. 2017). Broadly defined, functional traits are
physiological characteristics that have been theorized or demonstrated to be strongly
correlated with the establishment, growth, or maintenance of a species (Caruso et al.
2020). Methods for measugrseveral plant functional traits have been standardised and
are broadly used in the plants sciences (see Cornelissen et al. 2003i&éueandeguy
et al. 2013), and multiple indices are available for quantifying how strongly species
converge or divergm functional traits (Linton et al. 1981). Considering multiple traits
associated with different processes and characteristics simultaneously, such as
reproduction, resistance to stem breakage, and resource capture, should allow researchers
to develop a me complete picture of community structure. This holistic approach to
functional traits, when combined with withgpecies replication of trait measurements to

capture intraspecific variation, should provide a reasonably accurate representation of the



intersections in species functional niches (McGill et al. 2006; Violle and Jiang 2009;

Kraft et al. 2015b).

1.3 Rationale for this study

One prediction that emerges from the concept of limiting similarity is that species
found growing together will be more téfent with respect to functional traits than
expected by chance (MacArthur and Levins 1967). This has typically been investigated
using plot composition and trait data in conjunction with null model analyses. This
approach has yielded some evidence supmplimiting similarity (Stubbs and Wilson
2004; Wilson and Stubbs 2012; Schamp and Jensen 2019), but often has produced results
that are not clearly supportive (e.g., Schamp et al. 2011; Dante et al. 2013) and an
evaluation of the literature by Gotzenger et al. 2012 found fewer than 20% of analyses
produced evidence that coexisting species differ more in their traits than expected by
chance.

There are several possible reasons why studies have not found consistent support
for the prediction related ttmiting similarity. Theoretical evaluations suggest that
expectations are complicated, with some research suggesting that species may either
coexist by being different, or by being quite similar (Aarssen 1983; Scheffer and van Nes
2006; Schamp et al. 280 Similarity may allow coexistence whe&mvironmental
conditions select strongly for a particular phenotype (Spaeth 20083bly, co
occurrence tests of communities generally find evidence of both positive and negative co
occurrence (Peradeto 2004; $nthourakis et al. 2006; Brazeau and Schamp 2019),

suggesting that multiple assembly processes are acting simultaneously. Additionally,



studies testing theories of trdiased assembly in plant communities frequently focus on
annual plants or a single gving season. Considering the temporal fluctuations inherent
in many abiotic filtering processes (such as climate) and biotic interactions (such as

grazing intensity), it is reasonable to expect that the influence of various mechanisms

responsible for commmity assembly fluctuates through time.

1.4 Objectives

The two primary goals of this thesis werelt@assess whether coexisting plants in
our focal community displayed functional convergence or divergence using multivariate
and univariate measures of ftional overlap an@. determine if functional overlap
remained stable across time, or alternatively, showed any directional patterns. We
conducted this study using a data set spanning six years from-fwalalolant
community growing at a site with relhatly flat terrain, uniform soil type, and
homogenous nutrient distributions (Brazeau and Schamp 2019). These features allowed
us to control for spatial variation in soil fertility (Cornwell and Ackerly 2009; Naaf and
Wulf 2012) and moisture (Carmona et 2015), which are known to influence the
functional makeup of plant communities. As community structure and functional trait
variation has been shown to be sensitive to herbivory (Carson and Root 2000; Mortensen
et al. 2018) and vary with pollination sgst (Sargent and Acklerly 2008; Johnson 2010;
de Jager et al. 2011; Heystek and Pauw 2014), we included two additional goals in this
study. We sought to determiBewhether herbivory influenced observed patterns in

functional overlap, and. if patterns offunctional overlap varied with pollination system.



2. Methods

2.1 Site description and experimental design

We conducted this research in an-b&ldd plant community at the Ontario Forest
Research I nstitute’s arborea umé@o3 Salu4.t1 SN
84°27"37.4 W). This fi el dregularlg buphasebgenlefu sl y s
unmown and untilled since 2007. The-fileld community is composed of 38 herbaceous

perennial species (Table 1), including grasses, sedges, forbsfragdnfixing forbs.



Table 1. Species found in experimental plots. Pollination system was determined using field guides.
Family, growth habit, and native/introduced status was identified using the United States
Department of Agriculture Plants Database (USDA, NRCS 2020).

Species Pollination system Family Growth Status
Agrostis gigantea wind Poaceae Graminoid Introduced
Anthoxanthum odoratum Wind Poaceae Graminoid Introduced
Bromus inermis wind Poaceae Graminoid Introduced
Carex crawfordii Wind Cyperaceae Graminoid Native
Carex cryptolepis wind Cyperaceae Graminoid Native
Carex gracillima Wind Cyperaceae Graminoid Native
Carex pallescens Wind Cyperaceae Graminoid Native
Carex vulpinoidea Wind Cyperaceae Graminoid Native
Cerastium vulgatum Insect Caryophyllaceae  Forb/herb Introduced
Cirsium arvense Insect Asteraceae Forb/herb Introduced
Elymus repens wind Poaceae Graminoid Introduced
Euthamia graminifolia Insect Asteraceae Forb/herb  Native
Festuca rubra Wind Poaceae Graminoid Both
Fragaria virginiana Insect Rosaceae Forb/herb Native
Hieracium aurantiacum Insect Asteraceae Forb/herb  Introduced
Juncus effusus Wind Juncaceae Graminoid Native
Juncus tenuis Wind Juncaceae Graminoid Native
Leucanthemum vulgare Insect Asteraceae Forb/herb  Introduced
Lotus corniculatus Insect Fabaceae Forb/herb Introduced
Phalaris arundinacea wind Poaceae Graminoid Native
Phleum pratense Wind Poaceae Graminoid Introduced
Plantagolanceolata Wind Plantaginaceae Forb/herb Introduced
Plantago major Wind Plantaginaceae Forb/herb Introduced
Poa pratensis wind Poaceae Graminoid Both
Potentilla recta Insect Rosaceae Forb/herb  Introduced
Prunella vulgaris Insect Lamiaceae Forb/herb  Both
Ranunculus acris Insect Ranunculaceae Forb/herb  Introduced
Scirpus atrovirens wind Cyperaceae Graminoid Native
Symphyotrichum lanceolatun Insect Asteraceae Forb/herb Native
Sisyrinchium montanum Insect Iridaceae Forb/herb Native
Solidago canadensis Insect Asteraceae Forb/herb  Native
Solidago rugosa Insect Asteraceae Forb/herb  Native
Stellaria graminea Insect Caryophyllaceae  Forb/herb Introduced
Taraxacum officinale Insect Asteraceae Forb/herb Both
Trifolium pratense Insect Fabaceae Forb/herb  Introduced
Trifolium repens Insect Fabaceae Forb/herb  Introduced
Veronica serpyllifolia Insect Scrophulariaceae  Forb/herb  Both

Vicia cracca Insect Fabaceae Forb/herb Introduced

In 2009, a grid of alternating 1.5 m x 1.5 m vegetation plots and laneways was
laid out (27 x 10 plot rows). Of the available square vegetation plots, 75 were randomly
assigned to control and caged treatments, for a total of 150 plots. Control plotsetheasur

50 cm in diameter and were located in the center of square vegetation plots. Caged plots
8



were encircled by 1 cm gauge hardware cloth fencing (1 m in diantfeaegxtended 45

cm above ground and weeenbedded 3.cm into the soil, with 50 cm diameterojd

located and demarcated in the center (Figure 1). During the growing season, caged plots
were left open on top to avoid impeding vertical plant growth but closed over with
additional fencing during winter months to deter small mammalian herbivores from
tunneling into plots through the snow. Caged plots were set up to reduce herbivore
mediated disturbance, as voldéi¢rotus pennsylvanicyisare active in the field and

previous work at the site has demonstrated that voles consume up to 90% of seedlings of
six common speciefRk@nunculus acris, Symphyotrichum lanceolata, Phalaris
arundinaceae, Phleum pratense, Plantago lanceolata, and Leucanthemum vulgare;
Schamp, unpublished). With this disturbance removed, we expected caged plots to
represent vegetation nestrongly influenced by competitive dynamics. Although it is
reasonable to expect that plants in both control and caged plots experienced herbivory

from insects, we did not attempt to exclude insects from caged plots.
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Figure 1. Diagram illustrating the layout of individual control and caged plots. Experimental plots
(black circles) measuring 0.5 m in diameter were located in the center of 1.5 x 1.5 m vegetation plots
(black squares). Caged experimental plots were surrounded byahdware cloth fencing measure 1 m

in diameter (dashed circles).

2.2 Data collection

Over the course of six growing seasons (22035, 20172019), we determined
the abundance of each species within each plot. We conducted weekly surveys
throughout the groimg season and used the maximum abundance across surveys within a
season in our analyses. This allowed us to ensure our assessments of abundance captured
the abundance of species that typically do not persist throughout the entire season (e.g.,
flowering aulms ofPoa pratensishat dieback mids eason) . We consider ed
units” to represent single individuals, wh
aboveground to belowground tissue (Schamp et al. 2016).

We considered six morphological functal traits for each of the 38 species and
one phenological trait. These traits are generally considered to be functionally important
(Weiher et al. 1999) and have been used in similar analyses of plant community assembly

10



(Diaz et al. 1998; Cornwell and Aely 2009; Craine et al. 2012; Subedi et al. 2019;

Jung et al. 2010; Schleicher et al. 2011; Xu et al. 2018). A summary of the functions
associated with each trait can be found in Tablee2af area ratio consisted of total leaf
area divided by the dry himass of the whole plajenv/g), and leaf dry mass was

measured as the oven dried weight of above ground biomass comprised ofdgaves

Leaf mass ratio was measured as the ratio of leaf dry mass to whole plant dry biomass
(9/g9), and plant height was measdin metersas the distance from the soil to the apical
meristem of a mature plant. Specific leaf area was measured as the area of a fresh leaf
divided by its dry masgnr/g), and support fraction consisted of dry stem mass divided
by whole plant dry mimasqg/g). We measured each of these traits for multiple
haphazardly selected individuals of each species (ranging fre38 h¥asurements,

mean 20) to account for intraspecific trait variation in our assessments of functional trait
similarity among spees, as intraspecific variation is understood to be important in
assessments of niche overlap and limiting similarity (Bolnick et al. 2011; Siefert 2012, de
Bello et al. 2013)Individuals used for trait measurements were located outside
experimental plotg the surrounding field (Figure 2) as the traits we assessed (excluding
plant height and flowering time) required destructive sampling. All trait measurements

were performed in 2014.

11



Table 2. Plant traits incorporated in this study and their associated functions.

Trait Associated functions References

Flowering time Access to pollination services Craine et al 2012

Leaf area ratio Efficiency of photosynthetic resource use Roetman and Sterk 1986;
Poorter and Remkes 1990

Leaf dry mass Leaf life span Edwards et al. 2014

Leaf mass ratio Photosynthetic resource capture Ishizaki et al. 2003

Plant height Competitive ability, growth Weiher et al. 1999

Specific leaf area Establishment, growth Weiher et al. 1999; Pérez
Harguindeguy et al. 2013

Support fraction Mechanical strength of stems Anten and Hirose 1999; Stubbs

and Wilson 2004

Field B

Figure 2. Aerial view of the site. Individuals located in Field A were used tmeasure flowering time
and morphological traits that required destructive sampling. Caged and control plots used to
guantify species abundances were located in Field B. Trait measurements that did not require
destructive sampling were taken in both fieldsBoth fields are similar in species composition and
terrain. Photo courtesy of Dr. Pedro Antunes.

In addition to the six morphological traits, we quantified flowering time by
flagging 25 haphazardly selected mature individuals of 37 species inQ0é&dpecies
(Plantago majoy was not included in flowering time observations due to rarity at the site,

and so was excluded from analysé& assessed each individual for the presence of open

12



flowers weekly for 24 consecutive weeks beginning in early May. bttee flagged
individuals flowered in the first three weeks or final week of observaiiba.majority of
species (3@f 37 species) achieving flowering in greater than 80% of flagged individuals
and 19 specieachieved flowering in 100% of flagged indiuals. Only one species
(Circium arvenseproduced flowers in fewer than 50% of flagged individuégo of
flaggedC. arvensendividuals produced flower&Ve then used the proportion of
individuals of each species flowering per week over 20 weeksnergie seasonal

flowering time distributions.

2.3 Data analysis

2.3.1 Multivariate functional overlap

Because intraspecific variation is important to consider in tests of community
assembly (Bolnick et al. 2011; Siefert 2012; Violle et al. 2&iefert et al. 2015; Fang et
al. 2019), we used Schoener’s niche overl a
i ntraspecific variation in our analyses of
niche overlap index using a custom function wriitethe R programming language (R
Core Team 2019). All morphological trait data incorporated in our analyses of functional
overlap was first standardized to a mean of zero and standard deviationaof osse
speciesWe ran a principal componentanaly$sG@A) wusing the “prcomp”
the stats package in R (R Core Team 2019) on all morphological trait data and used the
first three axes of the PCA to represent axes of functional niche differentiation (Figure 3)

as they accounted for more than 80%haf variance in the data.

13
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Figure 3. Scree plot showing the percentage of variance in functional traits explained by six
dimensions of a PCA. We retained axes-3 for additional analyses as they cumulatively explained
87.21% ofvariance in the data.

We discretized variation in scores for each of the three PCA axes by generating
six frequency bins per axis. We used six frequency bins as this was the highest number of
bins that generated distributions with no empty binsthWéa converted these frequency
data to proportions for each Dbin and cal

pair of species is calculated as
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wherepik andpik are the proportions of individuals of spediesdj with trait values in

thek"lbi n. Trait overlap using Schoener’s inde
between each pair of species in a sample plot and is bound between zero (no overlap) and

one (perfect overlap). We then measured multivariate niche overlap as the sum of
Schoenéendex values across PCA axes and Sch
for each possible pair of species. We generated@bel overlap values per treatment

based on the presence/absence of each species per plot. Thésesphatiltivariate

scoes are bound between zero (no overlap across all traits) and four (perfect overlap

across all traits). We interpreted mean multivariate overlap values falling below two to

indicate a trend towards divergence and mean multivariate overlap values falieg abo

two to indicate a trend towards convergence.

2.3.2 Univariate functional overlap

To determine if multivariate overlap scores obscured patterns within individual
traits, we calculated univariate overlap scores for all morphological traits and flowering
time. We again used standardized morphological measurements split into six frequency
bins that were then converted to proportions in conjunction withlievet
presence/ absence data to calculate Schoene
univariate overlap scores are bound between zero (no overlap) and one (perfect overlap).

As with our measures of multivariate overlap, we categorized mean univariate overlap
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scores falling below the halfway mark (0.5) to indicate a trend towards divergence and

those falling above 0.5 to indicate a trend towards convergence.

2.3.3 Patterns in functional overlap through time

We used repeated measures analysis of variance (rmANOVA) to test for
significant differences in mean multivariate overlap within treatmentsigjtr time.
Where significant differences were found within treatments, we used post hoc pairwise t
tests with Bonferroni adjustment to identify which combinations of years were
significantly different from one another. Pairwiseests and rmANOVASs were
cnducted using the “pairwise_t_test” and *
in R (R Core Team 2019; Kassambara 2020). We then repeated this testing procedure for
each of our seven univariate measures of overlap. We used Spearman correlations
betveen median multivariate overlap and year to test for directional changes in
mul tivariate overlap through time. We wused

R (R Core Team 2019) to calculate correlations.

2.3.4 Influence of herbivory on functioral overlap

We examined the influence of mammalian herbivory on functional overlap by
using the “anova_test” function in the rst
Kassambara 2020) to conduct rmANOVAs comparing mean multivariate and univariate

functionaloverlap between caged and control plots for each year.
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2.3.5 Variation in functional overlap by pollination system

To determine if functional overlap varied with pollination system, we first divided
our standardized functional trait data and floweringetohata into wind pollinated
(anemophilous) and insect pollinated (entomophilous) species based on field guides. We
then repeated the multivariate analyses described above for each guild separately and
conducted an additional rmANOVA to directly compare tiwatiate overlap scores

between each pollination system.

3. Results

3.1 Summary of findings

We found a general tendency towards divergence in multivariate overlap but
found conflicting patterns of divergence and convergence when multivariate overlap was
examined within pollination systems. There was no consistent pattern of overlap among
the seven functional traits we measured. When considering the results of our univariate
analyses, we grouped traits based on general patterns observed in mean duedap va
Univariate traits with mean overlap scores below 0.5 were categorized as divergent
(lower overlap), and those with mean scores above 0.5 were considecevvagent
(higher overlap). Leaf mass ratio, plant height, flowering time, and leaf aredrestiled
towards divergence, whereas specific leaf area, leaf dry mass, and support fraction
trended towards convergence. With few exceptions, we found that functional overlap was

significantly influenced by herbivory and varied by year.
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3.2 Contrasting matterns of divergence and convergence

Although we found a trend towards trait divergence in multivariate overlap when
all species were included (Figure 4) and in entomophilous species (Figure 5A), a
tendency toward convergence was seen in anemophilocgsEigure 5B) and in three
univariate measures of overlap (Figure 6). Multivariate overlap scores differed
significantly between entomophilous and anemophilous across all years and both
treatments (Table 3). Flowering time, leaf mass ratio, plant heigh leaf area ratio
exhibited divergence (Figure 7) of varying magnitudes, but leaf dry mass, support
fraction, and specific leaf area trended in the opposite direction indicating trait

convergence (Figure 6).
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Figure 4. Mean multivariate overlap scores consistently fell below the 2.0 transition point (dotted
line) when all species were included in analysis. We interpret this as evidence of a trend towards trait
divergence.
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2013 2014 2015 2016 2017 2018 2019

Figure 5. Multivariate overlap showed contrasting patterns when the community was examined
within pollination systems. entomophilous species trended toward trait divergence (A), whereas
anemophilous species showed a tendency toward convergence (B). Dotted line iaigis transition
point between multivariate convergence (above dotted line) and divergence (below dotted line).
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Table 3. An rmANOVA showed significant differences in mean multivariate overlap between

entomophilous and anemophilous sgries across all years and both treatments.

Year Treatment DF F h? p
2013 Cage 59 27.84 0.196 1.97e6
Control 63 45.57 0.304 5.43e9
2014 Cage 56 110.76 0.466 6.95e15
Control 59 64.48 0.375 4.86ell
2015 Cage 57 84.16 0.374 8.05e13
Control 59 87.63 0.399 2.88e13
2017 Cage 33 50.67 0.477 3.75e8
Control 36 19.66 0.250 8.35e5
2018 Cage 25 23.46 0.400 5.59e5
Control 25 17.29 0.309 3.30e4
2019 Cage 32 31.03 0.337 3.77e6
Control 33 29.81 0.270 4.75e6
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Figure 6. We considered leaf dry mass (A), support fraction (B), and specific leaf area (C) as
convergent as mean univariate overlap values for these traits fell above the 0.5 univariate threshold

(dotted line).
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Figure 7. We considered flowering time (A), leaf mass ratio (B), plant height (C), and leaf area ratio
(D) as divergent as mean overlap values for these traits fell below the 0.5 univariate threshold (dotted
line).

3.3 Temporal variation in functional overlap
We found significant differences in mean multivariate overlap across time in
control plots (Table 4) and post hoc testing revealed that significant differences in control

plots (Appendix A, Table A1) were primarily due to unusually high controlguetlap
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in 2013 (Figure 4). Spearman correlations showed no significant directional patterns in
multivariate overlap in either contral £ 0.086, p = 0.919) or caged plots{0.543, p =
0.297). Multivariate overlap varied significantly over time inthoaged and control plots
within the anemophilous guild, and in caged plots only for entomophilous species (Table
5). Post hoc testing revealed no discernable pattern in which year to year comparisons
varied significantly for anemophilous (Appendix B, T@Bl1) or entomophilous species

(Appendix B, Table B2).

Table 4. Mean multivariate overlap varied significantly within control plots across years when
examined with rmANOVA. Significant within -treatment differences for control plotswere primarily
driven by 2013, which had a higher mean overlap score than the remaining years. Temporal
variations in mean overlap was not significant in caged plots.

Treatment DF F h? p
Cage 270.78 0.67 0.006 0.61
Control 298.18 13.0 0.083 2.55el10

Table 5. Multivariate within treatment rmANOVAs showed significant temporal variation in caged
and control plots for anemophilous species, and in caged plots for entomophilous species.

Pollination Treatment DF F h? p

Anemophilous Cage 278.39 5.45 0.035 2.50e4
Control 239.15 11.11 0.069 1.12e7

Entomophilous  Cage 56.88 3.99 0.120 0.011
Control 33.27 1.97 0.059 0.141

Univariate overlap showed significant differences across time within treatments
for all traits, with the exception of leaf mass ratio in caged plots (Table 6). Post hoc
testing revealed that significant differences within both treatments was driven bfo2013
flowering time (Appendix C, Table C1), and in control plots for leaf dry mass (Appendix
C, Table C5) and leaf mass ratio (Appendix C, Table C2). Year to year comparisons

within caged plots for leaf dry mass (Appendix C, Table C5) and plant heighe(dpp
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C, Table C3) were not significant when controlling for multiple comparisons, and
significant temporal variation for plant height in control plots was driven by the three
final years of the study (Appendix C, Table C3).

Leaf area ratio (Appendix C,able C4) and support fraction (Appendix C, Table
C7) varied significantly within treatments, with 202814 being the only comparison
between consecutive years that varied significantly for either trait. Specific leaf area also
varied randomly across tinvéthin treatments (Appendix C, Table C6), with 2€A@15

being the only consecutive year comparison that differed significantly for this trait.

Table 6. Within treatment rmANOVAs showed significant temporal variation across all uniariate
measures of overlap in both caged and control treatments, with the exception of leaf mass ratio,
which did not vary significantly in caged plots.

Trait Treatment DF F h? p
Flowering time Cage 266.79 4.03 0.028 4.00e3
Control 262.30 14.36 0.084 3.07el0
Leaf mass ratio Cage 211 2.28 0.021 0.079
Control 269 3.88 0.036 0.005
Plant height Cage 249.59 2.84 0.016 0.029
Control 250.10 2.73 0.019 0.034
Leaf area ratio Cage 221 18.43 0.141 3.36ell
Control 232 19.90 0.149 1.79e12
Leaf dry mass Cage 252.89 3.45 0.023 0.011
Control 286.63 8.50 0.051 1.18e6
Specific leaf area Cage 228.21 7.06 0.048 8.14e5
Control 24521 13.70 0.074 2.66e9
Support fraction Cage 205 12.71 0.097 1.33e7
Control 252 8.16 0.057 7.24e6
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3.4 Influence of herbivory on functional overlap

We found significant differences in multivariate overlap between caged and
control plots (Table 7) in all but the final two years of the study. When multivariate
overlap was divided bgollination system, we found significant differences between
caged and control plots for both entomophilous and anemophilous species, but in
different years (Table 8). Significant treatment effects in anemophilous species were seen
in 2017, and in entomopbus species in 2013 and 2015. In all instances of significant
treatment effects within pollination systems, caged plots show higher mean multivariate

overlap.

Table 7. Mean multivariate overlap differed significantly between cagednd control plots in the first
four years of our study when compared with rmANOVA. Caged plots generally showed higher mean
overlap scores than control, with the exception of 2013.

Year Control Cage DF F h? p

2013 1.96 1.85 74 9.89 0.047 0.002
2014 1.75 1.86 74 8.27 0.047 0.005
2015 1.76 1.85 73 8.19 0.039 0.005
2017 1.76 1.89 72 5.33 0.038 0.024
2018 1.79 1.87 66 2.39 0.015 0.127
2019 1.88 1.88 69 0.002 9.43e6 0.966
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Table 8. Between treatment rmANOVAsrevealed sporadic significant differences in mean

multivariate overlap between caged and control plots when anemophilous and entomophilous species
were examined separately. Where significant differences were found, caged plots always showed
higher mean multivariate overlap than control plots.

Pollination Year Control Cage DF F h? p

Anemophilous 2013 2.40 2.37 74 0.18 1.00e3 0.677
2014 2.43 2.45 72 0.07 3.69¢e4 0.799
2015 2.39 2.39 73 0.002 1.59e5 0.961
2017 2.20 2.32 71 476 0.036 0.032
2018 2.17 2.25 65 2.80 0.019 0.099
2019 2.34 2.32 67 0.05 2.66e4 0.833

Entomophilous 2013 1.85 2.02 51 7.32 0.061 9.00e3
2014 1.79 1.89 46 2.57 0.028 0.116
2015 1.80 1.92 46 7.12 0.075 0.011
2017 1.76 1.78 15 0.28 0.010 0.602
2018 1.69 1.71 7 0.17 0.006 0.694
2019 1.83 1.81 13 0.09 0.003 0.766

Univariate overlap measures were significantly different between caged and
control plots in at least one year, with the exception of plant height and leaf dry mass,
which showed no treatment effects (Tablel®2013, all univariate overlap measures
thatdiffered significantly between treatments were due to higher overlap in control plots
than caged plotsThis pattern flipped in the following yearsn 2014 to 2019, all
univariate measures that differed significantly between treatments were due to higher

overlap in caged plots than control plots
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Table 9. rmANOVAs showed significant differences in mean overlap between control and caged plots
in all but 2 of the traits examined.

Trait Year Control Cage DF F h? p
Flowering time 2013 0.43 0.34 74 57.85 0.202 7.19el11
2014 0.34 0.35 74 0.73 5.00e3 0.396
2015 0.33 0.34 73 0.13 6.99e4 0.716
2017 0.35 0.36 72 0.32 2.00ee3 0.571
2018 0.35 0.38 66 2.10 0.015 0.155
2019 0.37 0.38 69 0.60 4.00e3 0.441
Leaf mass ratio 2013 0.39 0.35 74 13.92 0.066 0.0004
2014 0.34 0.35 74 1.26 0.8.00e3  0.266
2015 0.36 0.36 73 0.26 2.00e3 0.614
2017 0.35 0.39 72 4.58 0.035 0.036
2018 0.35 0.36 66 0.30 2.00e3 0.588
2019 0.37 0.36 69 0.40 3.00e3 0.528
Plant height 2013 0.43 0.44 74 0.13 9.55e4 0.716
2014 0.42 0.44 74 0.48 4.00e3 0.492
2015 0.44 0.45 73 0.16 1.00e3 0.692
2017 0.40 0.41 72 0.01 6.96e5 0.918
2018 0.40 0.41 66 0.01 1.16e4 0.906
2019 0.46 0.41 69 2.94 0.021 0.091
Leafarea ratio 2013 0.46 0.42 74 8.74 0.047 0.004
2014 0.39 0.40 74 1.05 7.00e3 0.310
2015 0.40 0.42 73 0.93 7.00e3 0.337
2017 0.47 0.51 72 3.76 0.027 0.057
2018 0.48 0.47 66 0.16 1.00e3 0.694
2019 0.49 0.48 69 0.07 4.26e4 0.793
Leaf drymass 2013 0.68 0.63 74 3.74 0.021 0.057
2014 0.61 0.63 74 0.64 4.00e3 0.427
2015 0.60 0.62 73 1.22 8.00e3 0.273
2017 0.58 0.58 72 0.15 1.00e3 0.704
2018 0.60 0.59 66 0.02 1.04e4 0.902
2019 0.58 0.58 69 0.10 5.38e4 0.751
Specific leafarea 2013 0.69 0.70 74 0.05 3.47e4 0.825
2014 0.69 0.73 74 6.19 0.035 0.015
2015 0.68 0.69 73 1.38 8.00e3 0.244
2017 0.59 0.63 72 4.29 0.023 0.042
2018 0.64 0.70 66 5.83 0.039 0.018
2019 0.68 0.73 69 2.90 0.017 0.096
Support fraction 2013 0.55 0.48 74 11.70 0.054 0.001
2014 0.46 0.51 74 4.63 0.030 0.035
2015 0.49 0.52 73 2.72 0.016 0.103
2017 0.56 0.63 72 4.02 0.026 0.049
2018 0.57 0.59 66 0.40 3.00e3 0.527
2019 0.58 0.60 69 0.28 2.00e3 0.599
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4. Discussion

4.1 Temporaldynamics in functional trait overlap

We found that functional trait overlap fluctuates across years (Tal@lps/dhout
any appreciable direction (Figures/% These findings mark an important contribution to
the study of community dynamics, as typidaidses of tratbased community dynamics
primarily focus on singlyear time frames, with the implicit expectation that observed
patterns should represent stable or predictable commlenigy processes. To illustrate
this, we identified the 10 most widetjted fieldbased studies of traitased dynamics
(based on a Scopus search using the keywor

OR “trait convergence” OR trait divergenc
additional studies in this review tife literature as they are highly cited but were not
captured in our search parameters (Stubbs and Wilson 2004; Kraft et al. 2008). Of these
twelve studies, only a single paper incorporated multiple years of data (Fukami et al.
2005), while the remainingeen studies relied on data from a single year (Weiher et al.
1998; Schamp et al. 2008; de Bello et al. 2009; Pillar et al. 2009; Freschet et al. 2011,
BernardVerdier et al. 2012; de Bello et al. 2012; Gross et al. 2013; Abgrall et al. 2017).
Much like he findings we report here, the majority of these studies found mixed support
for both trait convergence and divergence (Weiher et al. 1998; Schamp et al. 2008; Kraft
et al. 2008; de Bello et al. 2009; Pillar et al. 2009; de Bello et al. 2012; Gros2&t 3.
Abgrall et al. 2017). Although Fukami et &005) did incorporate multiple years into

their study, their approach to trait convergence involved separating species into

functional groups and examining trait patterns within those groups. Thisiligrgmnour
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approach to functional overlap within pollination systems, where we found conflicting
patterns of convergence and divergence (Figure 5). Although this yidtigtionatgroup
approach is useful when hypotheses revolve around differences bgweaps of

species, our results indicate that this approach should be used cautiously when the entire
community is the subject of interest.

As citation count could simply be a function of time since publication, we also
repeated ausearch using the sameywords to review the 10 most recent studies. We
found that all of the most recent studies of tb@ised dynamics were singjear studies
(Freschet et al. 2011; Denelle et al. 2019; Fischer et al. 2019; Lukécs et al. 2019;
McGrannachan and McGeoch 20Mipdema et al. 2019; Scherrer et al. 2019; St. Martin
and Mallik 2019; Zorger et al. 2019; Kermavnar and Kutnar 2020; Tan and Zhang 2020).
Although three of these studies (Fischer et al. 2019; St. Martin and Mallik 2019; Tan and
Zhang 2020) considered teaccessional age of their sites (time since disturbance), none
directly measured overlap across years. Successional age should not be considered
synonymous with withirsite temporal dynamics, as time since disturbance relies on
assembly processes proceedim a directional path rather than fluctuating seemingly
randomly, as it appears is the case for the traits examined in our study (Figir€3us
study appears to be the first tradised dynamics experiment to use a data set spanning
more than two yea that tracks changes in functional overlap through time, and our
results indicate that caution should be exercised when extrapolatintelomgrocesses
from singleyear studies as functional overlap in our study showed significant temporal

variation aml no appreciable directional patterns across years (Figifg$ables 24).
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4.2 Functional overlap, life history stage, and phylogenetic relatedness

The contrasting patterns of divergence and convergence we found in individual
traits (Table 10) may bediicative of changes in the importance of structuring processes
at different life stages (i.e., seedling vs. mature plant) or a phylogenetic signal. It is
possible that larger species in our community also tend to be older. As noted by (Aarssen
et al. 2006Keating and Aarssen 2009), competitive exclusion among taller plants may
create small niche spaces that are inaccessible to large species, but readily colonized by
smaller species (Schamp and Aarssen 2010). If our taller species are indeed older, they
may have already passed through a phase shaped by competitive exclusion, with the
winners shifting resource use into maintenance, reproduction, and defense (Herben and
Goldberg 2014). Although ageased structuring of functional overlap may be one
explanatiorfor the direction of spread we observed in some of our univariate overlap
measures, more detailed studies of functional overlap dispersion across life history stages
may prove illuminating. It is also possible that the divergent pattern we found in plant
height is a signal of asymmetric competition between species of varying sizes (Weiner
and Damgaard 2006), where size differences are characteristics of species unrelated to
the ages of individuals. This potential relationship can be investigated in fudukdoy

controlling for phylogenetic relatedness (Garland et al. 1992).

Table 10. Functional traits incorporated in this study with their associated functions and univariate
overlap patterns observed in this study.

Trait Observed pattern Function

Plant height Divergence Competitive ability, growth

Specific leaf area Convergence Establishment, growth

Leaf area ratio Divergence Photosynthetic resource use efficiency
Support fraction Convergence Mechanicaktrength

Flowering time Divergence Reproduction

Leaf mass ratio Divergence Photosynthetic resource capture

Leaf dry mass Convergence Leaf lifespan
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Support fraction (Figure 6 panel B) showed a wider spread in overlap values
above the 0.8onvergence/divergence transition point, while data points falling below
this point were more tightly clustered. If support fraction overlap is influenced by plant
age, the spread observed at the top of the range may indicate mature individuals that have
passed through competitive exclusion and have converged on support fraction resource
allocation as a defense response to herbivory (Coley et al. 1985; Barton and Koricheva
2010; Ochod. 6pez et al. 2015). The clustering we observed in overlap at the bottom
divergent end of the range may be due to younger, smaller plants that are actively passing
through a phase of intense competition and are constrained in their responses to herbivory
due to smaller resource pools (Alabarce and Dillenburg 2014; Pratt 808). 2 is also
possible that the variation we observed in functional overlap may be indicative of a
phylogenetic signal.

There is a growing body of literature incorporating phylogenetic relatedness into
community assembly (Webb et al. 2002; Kraft eR@D7; Pavoine et al. 2009; Pavoine et
al. 2010; Pavoine et al. 2011). Intuitively, one would expect to find trait convergence in
closely related species (Pavoine et al. 20%a¢h a prediction appears to agree with the
convergence we found within the grawmid-dominated anemophilous species at our site
(Figure 5A) However, some studies have found trait convergence among unrelated
species (Cavenddares et al. 2004; Silvertown et al. 2006), indicating complexity in the
relationship between phylogenetiwvdisity and functional trait overlap. Future iterations

of our study could include measures of relatedness to determine whether the variation we
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found in functional overlap, particularly within pollination systems, followed a

phylogenetic pattern.

4.3 Influence of herbivory on functional overlap

Herbivory appears to have played a variable role in functional overlap in our
community, as significant differences between treatments varied by trait and year.
Specific leaf area and leaf dry mass both showedistamd trends towards trait
convergencebutleaf dry mass overlap showed no treatment effect and remained
relatively stable throughout the studpecific leaf area did nehow any predictable
pattern that could be definitively attributed to herbivopnirsmall mammals. Although
specific leaf area overlap did show significant differences between caged and control
treatments in three years (2014, 2017, and 2018), these differences were due to
magnitude in change rather than direction; overlap declinedetnodinded for both
treatments, with the amount of change differing between the two treatments. For
example, in 2017, both caged and control plots showed lower overlap than in 2015
(though control plots decreased in greater magnitude than caged plotsptand
treatments showed an increase in specific leaf area overlap in 2018 (though caged plots
increased in greater magnitude than control plots). If the source of this change were
indeed herbivory, we would not expect to see such a sharp decline anddreboun
overlap values in caged plots as well as control plots during the same years.

The significant differences between treatments in some of our measures of
univariate overlap mivay through our study (Figure 7 panel B, Figure 6 panel C)

combined with te matching temporal shifts in overlap in the later years of the study may
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indicate a disturbance in 2016 that drove differential responses within the community
(Pratt et al. 2005; Schultz et al. 2013). As specific leaf area divergence was more
pronouncedn control plots in later years, it would make sense if this proposed 2016
disturbance was due to a single year increase in herbivory. A disturbance in 2016 may
also explain the increased spread in univariate overlap for leaf area ratio (Figure 7 panel
D) and leaf mass ratio (Figure 7 panel B). This could be indicative of a phytophagous
insect species with cyclical outbreak cycles or extreme weather events, both of which
occurred in 20162016 was unusually hot and d@ntario Ministry of Natural
Resourcesnd Forestry 2017) or elevated activity of larger, mammalian herbivores.
Although voles ficrotus pennsylvanicQisare the most commonly observed herbivores at
this site (Schamp, personal observation), it is worth noting that-tehiéel deer
(Odocolileus virginianushave been seen nearby on rare occasions, and black bears
(Ursus americanys which are known to eat some resident species {@gaxacum
officinale) are common.
It is noteworthy that overlap for support fraction, which servea measure of
the mechanical strength of stems, was typically higher in caged plots. It is possible that
some individuals in control plots experiencing herbivory shifted resources into chemical
(Kessler and Baldwin 2001; Mithéfer and Boland 2012) rather thechanical defenses,
which may be more closely tied to age (Woodman and Fernandes 1991). If species in our
focal community did respond to herbivory with different defense mechanisms, this would
account for the lower degree of support fraction overlaplserved in control plots.
Differences in trait dispersion have been theorized as being related to the

importance of competition (Weiher and Keddy 1995; Schamp et al. 2008). Disturbances
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may lessen the role of competition in shaping communities (Ward|Banker 1997),

and as herbivory is a form of disturbance, we expected competition to play a smaller role
in shaping functional overlap patterns in control plots. If this were the case, we should
have seen lower functional overlap in caged plots relaticentrol; however, we found

that caged plots typically showed higher mean multivariate overlap scores (Table 6).

4.4 Contrasting patterns of functional overlap between pollination systems

We predicted that functional overlap would vary between pollinaystems, and
the contrasting patterns we found between anemophilous and entomophilous species
support this prediction. Wind pollinated species consistently trended towards trait
convergence, whereas insect pollinated species tended to trend towadigdrgénce.
It is possible that the divergence we observed in entomophilous species was driven by
species that flower early in the spring when resources are abundant (Lipson et al. 2002;
Schmidt and Lipson 2004¢pmpared tdhose that grow slowly and flowéater. Previous
work in our focal community provides some evidence in support of this explanation
(Jensen et al. 2019). The contrast we found between wind and insect pollinated species is
not particularly surprising, as morphological and phenologicédraiices between wind
and insect pollinated species are well established (Friedman and Barrett 2009), but it is
worth noting that we did not include any floral traits in our study. If we had included
floral traits such as flower size (Friedman and Ba@e@9) or volatile emissions (Fafré
Armengol et al. 2015), the contrasting patterns of convergence in anemophilous species
vs. divergence in entomophilous species would likely be more pronounced and the spread

of multivariate overlap in the whole communwtyuld likely increase. These results
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highlight the importance of examining finer scale patterns within functional groups that
may be masked by communityide tests of functional overlap.

In addition to lower overlap scores, treatment effects were more coipfound
in insect pollinated species. Entomophilous species in control plots always showed lower
mean overlap scores than those in caged plots. It is unclear if this decreased similarity
among insect pollinated species in control plots is a resultafesponse to herbivory.
This pattern could be an indicator of preferential browsing from herbivores, differential
responses to browsing, or both. It is entirely possible that some of the entomophilous
species in our community exhibited higher appareoncybllinator attraction, and that
increased apparency drew the attention of herbivores (Galen 1999; Galen and Cuba 2001;
Irwin et al. 2004; Strauss and Cacho 2013). It is also possible that individuals in control
plots were reacting to herbivory withoutettly experiencing damage from herbivores.
Several studies have shown that plants release volatile organic compounds in response to
damage (Kessler and Baldwin 2001; Dudareva et al. 2006; War et al. 2011), and that
neighbouring plants are capable of pgrigmdefences in response to these compounds
(Karban 2010; Song and Ryu 2018; Douma and Anten 2019), but it is unclear why this

would occur more frequently in insect pollinated species.

4.5 Limitations, future work, and conclusions

With respect to the gaalaid out for this study, we found that our focal
community displayed functional divergence in multivariate overlap and contrasting
patterns of divergence and convergence in univariate overlap (objective 1). We showed

that both multivariate and univaridienctional overlap fluctuate unpredictably through
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time (objective 2) and vary in response to herbivory (objective 3). Finally, we showed
that multivariate overlap can differ between broad pollination systems (objective 4).
Although not investigated heriis noteworthy that our focal community includes
several introduced species (Table 1).

The importance of functional similarity between introduced and native species in
the success of an invasion has long been recognized (Darwin 1859; Sheppardl&t al. 20
El-Barougy et al. 2020), but some work suggests that the importance of similarity
bet ween introduced and native species is
al. (2018) showed that although similarity with native species facilitated the
eshblishment of introduced species, differences between native and introduced species
ultimately promoted successful invasion. Although we do not know for certain when each
of the introduced species first appeared at our site, it is possible that the dlissTde
towards divergence (Figure 4) indicates that they are well established. Additional work
comparing changes in abundance and functional similarity across time that controls for
native/introduced status may prove illuminating.

Another avenue of futerresearch that may prove fruitful at our study site is a
finer scale examination of herbivory. Our caged plots were designed to exclude small
mammals, and we did not perform any measures of herbivory from insects. Given our
assumption that caged plots exignced a higher degree of interspecific competition than
control plots and that herbivory from insects can influence competitive interactions
between plants (Borgstrom et al. 2016), directly assessing the extent of aboveground
herbivory in control and ¢ged plots would be an important step. In addition to directly

measuring herbivory within plots using ndastructive sampling (Getmd®ickering et
37



al. 2019), additional, sheterm caged and control plots could be set up containing

artificial seed banks wiilar to those described used in Leon and Owen (2004). Long term
herbivore exclosure treatments have been shown to impact soil seed banks (Saatkamp et
al. 2017) and rodents have been shown to remove seeds of different sizes at differing
rates from persiste and transient seed banks (Hulme 2008). An artificial seed bank

study would allow us to assess the effectiveness of our exclusion cages and identify
species that are more prone to this particular form of disturbance.

Considerable variation in overlap sseommon in our study, and although it is
possible that some of this variation is attributable to subtle differences in sampling
technigques across multiple observers, this variation opertoor to additional
experiments as variation in functional trdiss been linked to climate variables (Guittar
et al. 2016). Functional traits are generally regarded as good predictors of community
level responses to changes in climate (Lavorel and Garnier 2002; Enquist et al. 2015),
and it is possible that the variati we found in overlap was due to differential
adaptations to climatic shifts (Neilson et al. 2005) or rapid changes in climate that left
plants trying to catch up to their changing environment (Kudo et al. 2004; Post and
Pedersen 2008). Future iteratiaighis study could clarify the role of climate in
functional overlap variation by tracking local weather across each growing season, or by
manipulating abiotic variables (such as through the use of rain shelters; Erbs et al. 2012)

and examining how funanal overlap changes in response to an altered climate.
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Appendix A. Post hoc testing of temporal variation in control plot

multivariate overlap

Table Al. A post hoc pairwise ttest, with p-values adjusted with Bonferroni correction to account
for multiple comparisons, showed significant differences in mean multivariate overlap within control
plots. Mean control plotoverlap was at its highest in 2013, declined to its lowest in 2014, then
gradually increasing to its second highest level in 2019. Mean overlap in control plots was
significantly higher in 2013 than 2014, 2015, 2017, and 2018, and significantly lower irl2Ghan in
2019.

Year 1 Year 2 DF t p p-adj.
2013 2014 74 7.26 3.22e10 4.83e9
2013 2015 73 6.10 4.83e8 7.24e7
2013 2017 74 5.50 4.93e7 7.40e6
2013 2018 70 4.90 5.82e6 8.73e5
2013 2019 71 2.60 0.01 0.17
2014 2015 73 -0.39 0.70 0.10
2014 2017 74 -0.33 0.74 0.10
2014 2018 70 -0.90 0.37 0.10
2014 2019 71 -3.30 2.00e3 0.02
2015 2017 73 0.10 0.92 0.10
2015 2018 69 -0.64 0.52 0.10
2015 2019 70 -2.89 5.00e3 0.08
2017 2018 70 -0.62 0.54 0.10
2017 2019 71 -2.74 8.00e3 0.17
2018 2019 70 -2.19 0.03 0.48
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Appendix B. Post hoc testing of pollination system influence on overlap

Table B1. Post hoc pairwise ttests showed significant variation in multivariate overlap in
anemophilous species in bothontrol and caged plots.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 72 -0.72 0.473 1.000
Control 2013 2015 73 0.35 0.729 1.000
Control 2013 2017 74 3.34 1.00e3 0.020
Control 2013 2018 70 3.90 2.15e4 3.00e3
Control 2013 2019 70 0.92 0.363 1.000
Control 2014 2015 72 1.94 0.056 0.846
Control 2014 2017 72 4.94 4.99e6 7.48e5
Control 2014 2018 68 5.98 9.24e8 1.39e6
Control 2014 2019 68 2.20 0.032 0.473
Control 2015 2017 73 441 3.49e5 5.24e4
Control 2015 2018 69 5.26 1.53e6 2.30e5
Control 2015 2019 69 1.20 0.236 1.000
Control 2017 2018 70 1.33 0.187 1.000
Control 2017 2019 70 -2.66 0.010 0.147
Control 2018 2019 69 -3.74 3.75e4 6.00e3

Cage 2013 2014 74 -1.63 0.108 1.000
Cage 2013 2015 74 -0.37 0.714 1.000
Cage 2013 2017 71 1.25 0.214 1.000
Cage 2013 2018 69 2.25 0.028 0.414
Cage 2013 2019 71 1.25 0.215 1.000
Cage 2014 2015 74 2.01 0.048 0.723
Cage 2014 2017 71 2.81 6.00e3 0.095
Cage 2014 2018 69 4.50 2.68e5 4.02e4
Cage 2014 2019 71 3.33 1.00e3 0.021
Cage 2015 2017 71 1.73 0.088 1.000
Cage 2015 2018 69 3.37 1.00e3 0.018
Cage 2015 2019 71 1.74 0.086 1.000
Cage 2017 2018 67 1.53 0.130 1.000
Cage 2017 2019 69 -0.28 0.784 1.000
Cage 2018 2019 69 -1.58 0.119 1.000
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Table B2. Post hoc pairwise #tests showed significant variation in multivariate overlap in

entomophilous species in caged plots.

Year 1 Year 2 DF t p p-adj.
2013 2014 52 2.88 6.00e3 0.087
2013 2015 52 2.09 0.042 0.630
2013 2017 29 3.85 6.08e4 9.00e3
2013 2018 23 4.60 1.27e4 2.00e3
2013 2019 27 1.79 0.085 1.000
2014 2015 53 -0.76 0.450 1.000
2014 2017 31 1.41 0.168 1.000
2014 2018 24 1.59 0.125 1.000
2014 2019 30 0.93 0.361 1.000
2015 2017 31 2.18 0.037 0.554
2015 2018 25 1.84 0.077 1.000
2015 2019 30 1.96 0.059 0.888
2017 2018 24 0.57 0.576 1.000
2017 2019 24 -0.86 0.401 1.000
2018 2019 21 -1.02 0.319 1.000
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Appendix C. Post hoc testing of temporal variation in univariate

overlap

Table C1. Post hoc pairwise ttests showing within treatment differences in flowering time overlap.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 74 7.78 3.40el1l 5.10e10
Control 2013 2015 73 7.41 1.77e10 2.66e9
Control 2013 2017 74 5.67 2.59e7 3.88e6
Control 2013 2018 70 5.37 9.80e7 1.47e5
Control 2013 2019 71 411 1.03e4 2.00e3
Control 2014 2015 73 -0.14 0.888 1.000
Control 2014 2017 74 -1.18 0.240 1.000
Control 2014 2018 70 -0.84 0.405 1.000
Control 2014 2019 71 -1.52 0.133 1.000
Control 2015 2017 73 -1.31 0.195 1.000
Control 2015 2018 69 -1.08 0.286 1.000
Control 2015 2019 70 -1.80 0.077 1.000
Control 2017 2018 70 0.05 0.964 1.000
Control 2017 2019 71 -0.69 0.493 1.000
Control 2018 2019 70 -0.80 0.425 1.000

Cage 2013 2014 74 -0.92 0.361 1.000
Cage 2013 2015 74 0.52 0.607 1.000
Cage 2013 2017 72 -1.84 0.070 1.000
Cage 2013 2018 70 -2.80 7.00e3 0.100
Cage 2013 2019 72 -2.58 0.012 0.177
Cage 2014 2015 74 1.90 0.066 0.984
Cage 2014 2017 72 -0.98 0.331 1.000
Cage 2014 2018 70 -2.39 0.020 0.296
Cage 2014 2019 72 -2.01 0.049 0.730
Cage 2015 2017 72 -2.06 0.043 0.648
Cage 2015 2018 70 -3.55 7.01e4 0.011
Cage 2015 2019 72 -3.18 2.00e3 0.033
Cage 2017 2018 69 -1.11 0.269 1.000
Cage 2017 2019 71 -0.94 0.351 1.000
Cage 2018 2019 70 0.44 0.664 1.000
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Table C2. Post hoc pairwise ttests showing within treatment differences in leaf mass ratio in control
plots.

Year 1 Year 2 DF t p p-ad;.
2013 2014 74 5.03 3.36e6 5.04e5
2013 2015 73 3.29 2.00e3 0.023
2013 2017 74 3.14 2.00e3 0.036
2013 2018 70 3.24 2.00e3 0.028
2013 2019 71 1.55 0.127 0.100
2014 2015 73 -2.48 0.015 0.231
2014 2017 74 -0.65 0.520 0.100
2014 2018 70 -0.80 0.428 0.100
2014 2019 71 -2.20 0.031 0.462
2015 2017 73 -0.78 0.441 0.100
2015 2018 69 0.54 0.591 0.100
2015 2019 70 -0.89 0.374 0.100
2017 2018 70 0.16 0.871 0.100
2017 2019 71 -1.08 0.285 0.100
2018 2019 70 -1.19 0.238 0.100
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Table C3. Post hoc pairwise ttests showing within treatment differences irplant height overlap.
Significant differences were initially found within caged plots, but significance was not retained when
controlling for multiple comparisons.

Treatment Year 1 Year 2 DF t p p-adj.
Control 2013 2014 74 0.29 0.776 1.000
Control 2013 2015 73 -0.18 0.857 1.000
Control 2013 2017 74 1.25 0.216 1.000
Control 2013 2018 70 1.61 0.112 1.000
Control 2013 2019 71 -1.48 0.143 1.000
Control 2014 2015 73 -0.96 0.341 1.000
Control 2014 2017 74 1.08 0.285 1.000
Control 2014 2018 70 1.39 0.169 1.000
Control 2014 2019 71 -1.83 0.072 1.000
Control 2015 2017 73 1.69 0.096 1.000
Control 2015 2018 69 1.72 0.090 1.000
Control 2015 2019 70 -1.48 0.143 1.000
Control 2017 2018 70 0.42 0.675 1.000
Control 2017 2019 71 -3.28 2.00e3 0.024
Control 2018 2019 70 -3.72 3.94e4 6.00e3

Cage 2013 2014 74 -0.29 0.769 1.000
Cage 2013 2015 74 -0.69 0.490 1.000
Cage 2013 2017 72 1.83 0.071 1.000
Cage 2013 2018 70 1.67 0.099 1.000
Cage 2013 2019 72 1.59 0.116 1.000
Cage 2014 2015 74 -0.66 0.513 1.000
Cage 2014 2017 72 2.07 0.042 0.630
Cage 2014 2018 70 2.25 0.027 0.410
Cage 2014 2019 72 2.10 0.039 0.588
Cage 2015 2017 72 2.55 0.013 0.196
Cage 2015 2018 70 241 0.018 0.277
Cage 2015 2019 72 2.16 0.034 0.507
Cage 2017 2018 69 0.23 0.817 1.000
Cage 2017 2019 71 0.03 0.977 1.000
Cage 2018 2019 70 -0.26 0.796 1.000
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Table C4. Post hoc pairwise ttestsshowing significant within treatment variation in leaf area ratio
overlap.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 74 6.50 8.37e9 1.26e7
Control 2013 2015 73 4.90 5.58e6 8.37e5
Control 2013 2017 74 -1.06 0.295 1.000
Control 2013 2018 70 -1.29 -0.203 1.000
Control 2013 2019 71 -1.60 0.114 1.000
Control 2014 2015 73 -2.30 0.025 0.374
Control 2014 2017 74 -5.93 8.87e8 1.33e6
Control 2014 2018 70 -7.28 3.88e10 5.82e9
Control 2014 2019 71 -6.53 8.43e9 1.26e7
Control 2015 2017 73 -4.93 5.00e6 7.50e5
Control 2015 2018 69 -6.10 5.49e8 8.24e7
Control 2015 2019 70 -5.12 2.55e6 3.82e5
Control 2017 2018 70 -0.13 0.898 1.000
Control 2017 2019 71 -0.65 0.520 1.000
Control 2018 2019 70 -0.37 0.710 1.000

Cage 2013 2014 74 1.32 0.191 1.000
Cage 2013 2015 74 0.07 0.941 1.000
Cage 2013 2017 72 -4.80 8.25e6 1.24e4
Cage 2013 2018 70 -4.23 6.92e5 1.00ee3
Cage 2013 2019 72 -3.74 3.70e4 6.00e3
Cage 2014 2015 74 -2.61 0.011 0.164
Cage 2014 2017 72 -6.60 6.72e9 1.01e7
Cage 2014 2018 70 -4.80 9.20e6 1.38e4
Cage 2014 2019 72 -4.69 1.25e5 1.88e4
Cage 2015 2017 72 -5.73 2.20e7 3.30e6
Cage 2015 2018 70 -4.11 1.08e4 2.00e3
Cage 2015 2019 72 -3.81 2.85e4 4.00e3
Cage 2017 2018 69 2.53 0.014 0.207
Cage 2017 2019 71 1.25 0.217 1.000
Cage 2018 2019 70 -0.06 0.952 1.000
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Table C5. Post hoc pairwise ttests show significant variation within control plots for leaf dry mass
overlap. Significant variation wasinitially found within caged plots, but was not retained when
controlling for multiple comparisons.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 74 4.22 6.93e5 1.00e3
Control 2013 2015 73 4,73 1.06e5 1.59e4
Control 2013 2017 74 5.36 8.94e7 1.34e5
Control 2013 2018 70 3.95 1.85e4 3.00e3
Control 2013 2019 71 5.11 2.56e6 3.84e5
Control 2014 2015 73 1.25 0.216 1.000
Control 2014 2017 74 2.09 0.040 0.603
Control 2014 2018 70 1.02 0.313 1.000
Control 2014 2019 71 2.32 0.023 0.348
Control 2015 2017 73 1.22 0.227 1.000
Control 2015 2018 69 0.06 0.954 1.000
Control 2015 2019 70 1.48 0.144 1.000
Control 2017 2018 70 -0.90 0.374 1.000
Control 2017 2019 71 0.37 0.711 1.000
Control 2018 2019 70 1.50 0.139 1.000

Cage 2013 2014 74 0.27 0.787 1.000
Cage 2013 2015 74 0.97 0.335 1.000
Cage 2013 2017 72 2.70 9.00e3 0.130
Cage 2013 2018 70 1.49 0.141 1.000
Cage 2013 2019 72 2.72 8.00e3 0.122
Cage 2014 2015 74 1.26 0.212 1.000
Cage 2014 2017 72 2.84 6.00e3 0.088
Cage 2014 2018 70 1.82 0.074 1.000
Cage 2014 2019 72 2.81 6.00e3 0.096
Cage 2015 2017 72 2.16 0.034 0.516
Cage 2015 2018 70 1.10 0.276 1.000
Cage 2015 2019 72 2.08 0.041 0.618
Cage 2017 2018 69 -0.48 0.630 1.000
Cage 2017 2019 71 0.22 0.829 1.000
Cage 2018 2019 70 1.14 0.259 1.000
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Table C6. Post hoc pairwise ttests show significant variation in specific leaf area overlap in both
caged and control treatments.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 74 0.51 0.614 1.000
Control 2013 2015 73 1.42 0.160 1.000
Control 2013 2017 74 6.35 1.54e8 2.31le7
Control 2013 2018 70 3.54 7.23e4 0.011
Control 2013 2019 71 1.13 0.262 1.000
Control 2014 2015 73 0.71 0.483 1.000
Control 2014 2017 74 5.41 7.33e7 1.10e5
Control 2014 2018 70 3.26 2.00e3 0.026
Control 2014 2019 71 0.55 0.582 1.000
Control 2015 2017 73 5.00 4.50e6 6.75e5
Control 2015 2018 69 2.54 0.013 0.199
Control 2015 2019 70 -0.01 0.993 1.000
Control 2017 2018 70 -2.41 0.018 0.277
Control 2017 2019 71 -5.78 1.90e7 2.85e6
Control 2018 2019 70 -2.90 5.00e3 0.077

Cage 2013 2014 74 -2.92 5.00e3 0.070
Cage 2013 2015 74 0.13 0.901 1.000
Cage 2013 2017 72 3.10 3.00e3 0.042
Cage 2013 2018 70 -0.23 0.820 1.000
Cage 2013 2019 72 -1.55 0.125 1.000
Cage 2014 2015 74 4.25 6.22e5 9.33e4
Cage 2014 2017 72 4.55 2.14e5 3.21e4
Cage 2014 2018 70 1.40 0.166 1.000
Cage 2014 2019 72 0.18 0.855 1.000
Cage 2015 2017 72 2.67 9.00e3 0.142
Cage 2015 2018 70 -0.49 0.625 1.000
Cage 2015 2019 72 -2.00 0.049 0.738
Cage 2017 2018 69 -2.65 0.01 0.148
Cage 2017 2019 71 -3.87 2.35e4 4.00e3
Cage 2018 2019 70 -1.20 0.233 1.000
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Table C7. Post hoc pairwise ttests show significantariation in support fraction overlap in both

caged and control treatments.

Treatment Year 1 Year 2 DF t p p-ad;.
Control 2013 2014 74 5.44 6.63e7 9.94e6
Control 2013 2015 73 3.55 6.86e4 0.010
Control 2013 2017 74 -0.69 0.493 1.000
Control 2013 2018 70 -0.83 0.411 1.000
Control 2013 2019 71 -1.24 0.218 1.000
Control 2014 2015 73 -2.17 0.034 0.504
Control 2014 2017 74 -3.87 2.31e4 3.00e3
Control 2014 2018 70 -4.24 6.72e5 1.00e3
Control 2014 2019 71 -4.80 8.45e6 1.27e4
Control 2015 2017 73 -2.94 4.00e3 0.066
Control 2015 2018 69 -3.59 6.08e4 9.00e3
Control 2015 2019 70 -3.90 2.20e4 3.00e3
Control 2017 2018 70 -0.27 0.790 1.000
Control 2017 2019 71 -0.41 0.680 1.000
Control 2018 2019 70 -0.21 0.836 1.000

Cage 2013 2014 74 -1.68 0.097 1.000
Cage 2013 2015 74 -2.49 0.015 0.222
Cage 2013 2017 72 -4.99 4.04e6 6.06e5
Cage 2013 2018 70 -4.11 1.06e4 2.00e3
Cage 2013 2019 72 -4.55 2.16e5 3.24e4
Cage 2014 2015 74 -0.86 0.391 1.000
Cage 2014 2017 72 -4.08 1.13e4 2.00e3
Cage 2014 2018 70 -3.18 2.00e3 0.033
Cage 2014 2019 72 -3.63 5.26e4 8.00e3
Cage 2015 2017 72 -4.20 7.65e5 1.00e3
Cage 2015 2018 70 -3.14 2.00e3 0.037
Cage 2015 2019 72 -3.38 1.00e3 0.018
Cage 2017 2018 69 1.13 0.260 1.000
Cage 2017 2019 71 0.62 0.537 1.000
Cage 2018 2019 70 0.05 0.960 1.000
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