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ABSTRACT 

Studies of trait-based plant community dynamics typically rely on null model 

analyses of functional trait and plot-level composition data from a single growing season. 

The inclusion of community-level 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 single-year 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 a long-term 

herbivore exclusion experiment in Ontario, Canada. We found that functional overlap 

changed across time without direction, differed between individual traits, was sensitive to 

herbivory, and differed between pollination systems. Our findings highlight the 

importance of using long-term data in trait-based community dynamics studies. 
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1. Introduction 

1.1 General introduction 

One of the fundamental questions in community 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; Chesson 2000; 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 maintenance of diverse 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 2012) and 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 develop a clearer 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 

2009; Leffler et al. 2014). It is for these reasons that refining our understanding of the 

processes involved in community assembly should be of broad interest to both theorists 

and land managers. 
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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; 

Chesson 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 representative of species performance on various axes of a 

Hutchinsonian n-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 states 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 variation, but also 

by variation within species. Individuals of the same species can vary considerably from 

one another, and this intraspecific variation careful consideration when examining 

community-level patterns of functional similarity (Cianciaruso et al. 2009).  

Intraspecific variation is an 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 



 

3 

 

more space within the niche 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 process.  

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 scales in natural 

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 effects wherein 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 environmental factors 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 variation may also play a role at smaller scales 

in patchy environments (Hutchings et al. 2003; Baer et al. 2004; García-Palacios et al. 

2012; Xue et al. 2013), or in homogenous environments where conditions change broadly 

through time (e.g., pre- and post-drought events; 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 (Craine and Dybzinski 2013; Menezes 

et al. 2020) or facilitation (Bertness and Callaway 1994; Callaway et al. 2002; Brooker et 
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al. 2008), have been proposed to be a central force determining the composition of a 

community (Tilman 2004). Individual plants, however, are 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 and Crawley 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 of dispersal, interactions such as competition and 

herbivory, and abiotic filtering can be challenging; however, variation in functional traits 

can be used to indirectly examine species responses to these processes (Violle et al. 2009; 

Kunstler et al. 2016; Funk 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 measuring several plant functional traits have been standardised and 

are broadly used in the plants sciences (see Cornelissen et al. 2003; Pérez-Harguindeguy 

et al. 2013), and multiple indices are available for quantifying how strongly species 

converge or diverge in 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 more complete picture of community structure. This holistic approach to 

functional traits, when combined with within-species replication of trait measurements to 

capture intraspecific variation, should provide a reasonably accurate representation of the 
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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 different 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 supporting limiting 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 Götzenberger 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 to limiting 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. 2008). Similarity may allow coexistence when environmental 

conditions select strongly for a particular phenotype (Spaeth 2009). Notably, co-

occurrence tests of communities generally find evidence of both positive and negative co-

occurrence (Peres-Neto 2004; Sfenthourakis et al. 2006; Brazeau and Schamp 2019), 

suggesting that multiple assembly processes are acting simultaneously. Additionally, 
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studies testing theories of trait-based assembly in plant communities frequently focus on 

annual plants or a single growing 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 community assembly fluctuates through time. 

1.4 Objectives 

 The two primary goals of this thesis were to 1. assess whether coexisting plants in 

our focal community displayed functional convergence or divergence using multivariate 

and univariate measures of functional overlap and 2. 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 an old-field plant 

community growing at a site with relatively 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 al. 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 system (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 determine 3. whether herbivory influenced observed patterns in 

functional overlap, and 4. if patterns of functional overlap varied with pollination system. 
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2. Methods 

2.1 Site description and experimental design 

 We conducted this research in an old-field plant community at the Ontario Forest 

Research Institute’s arboretum in Sault Ste. Marie, Ontario, Canada (46º32’34.1 N 

84º27’37.4 W). This field was previously shallow tilled semi-regularly but has been left 

unmown and untilled since 2007. The old-field community is composed of 38 herbaceous 

perennial species (Table 1), including grasses, sedges, forbs, and nitrogen-fixing forbs. 
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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 

Plantago lanceolata 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 lanceolatum 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 plots measured 

50 cm in diameter and were located in the center of square vegetation plots. Caged plots 
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were encircled by 1 cm gauge hardware cloth fencing (1 m in diameter) that extended 45 

cm above ground and were embedded 15 cm into the soil, with 50 cm diameter plots 

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 voles (Microtus pennsylvanicus) are active in the field and 

previous work at the site has demonstrated that voles consume up to 90% of seedlings of 

six common species (Ranunculus 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 more strongly 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 by hardware cloth fencing measure 1 m 

in diameter (dashed circles). 

2.2 Data collection 

Over the course of six growing seasons (2013-2015, 2017-2019), we determined 

the abundance of each species within each plot. We conducted weekly surveys 

throughout the growing 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 culms of Poa pratensis that die-back mid-season).We considered “rooted 

units” to represent single individuals, where a single unit is a unique transition from 

above-ground to below-ground tissue (Schamp et al. 2016). 

 We considered six morphological functional 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 
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(Diaz et al. 1998; Cornwell and Ackerly 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 Table 2. Leaf area ratio consisted of total leaf 

area divided by the dry biomass of the whole plan (cm2/g), and leaf dry mass was 

measured as the oven dried weight of above ground biomass comprised of leaves (g). 

Leaf mass ratio was measured as the ratio of leaf dry mass to whole plant dry biomass 

(g/g), and plant height was measured in meters as 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 mass (cm2/g), and support fraction consisted of dry stem mass divided 

by whole plant dry biomass (g/g). We measured each of these traits for multiple 

haphazardly selected individuals of each species (ranging from 13-39 measurements, 

mean 20) to account for intraspecific trait variation in our assessments of functional trait 

similarity among species, 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 plots in 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. 
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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 

 

 

Figure 2. Aerial view of the site. Individuals located in Field A were used to measure flowering time 

and morphological traits that required destructive sampling. Caged and control plots used to 

quantify species abundances were located in Field B. Trait measurements that did not require 

destructive sampling were taken in both fields. Both 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 in 2014. One species 

(Plantago major) was not included in flowering time observations due to rarity at the site, 

and so was excluded from analyses. We assessed each individual for the presence of open 
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flowers weekly for 24 consecutive weeks beginning in early May. None of the flagged 

individuals flowered in the first three weeks or final week of observation. The majority of 

species (30 of 37 species) achieving flowering in greater than 80% of flagged individuals, 

and 19 species achieved flowering in 100% of flagged individuals. Only one species 

(Circium arvense) produced flowers in fewer than 50% of flagged individuals; 44% of 

flagged C. arvense individuals produced flowers. We then used the proportion of 

individuals of each species flowering per week over 20 weeks to generate 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. 2012; Siefert et al. 2015; Fang et 

al. 2019), we used Schoener’s niche overlap index (Schoener 1970) to take advantage of 

intraspecific variation in our analyses of functional overlap. We calculated Schoener’s 

niche overlap index using a custom function written in the 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 deviation of one across 

species. We ran a principal component analysis (PCA) using the “prcomp” function from 

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% of the variance in the data.  
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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 1-3 for additional analyses as they cumulatively explained 

87.21% of variance 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 bins. We then converted these frequency 

data to proportions for each bin and calculated Schoener’s index. Schoener’s index for a 

pair of species is calculated as 
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𝑆𝑐ℎ𝑜𝑒𝑛𝑒𝑟 = 1 −
1

2
∑𝑝𝑖𝑘 − 𝑝𝑗𝑘

𝑛

𝑘=1

 

where pik and pjk are the proportions of individuals of species i and j with trait values in 

the kth bin. Trait overlap using Schoener’s index measures the frequency of overlap 

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 

Schoener’s index values across PCA axes and Schoener’s index values for flowering time 

for each possible pair of species. We generated plot-level overlap values per treatment 

based on the presence/absence of each species per plot. These plot-level multivariate 

scores 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 falling above 

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 with plot-level 

presence/absence data to calculate Schoener’s index for each trait and each plot. These 

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 treatments through 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. Pairwise t-tests and rmANOVAs were 

conducted using the “pairwise_t_test” and “anova_test” functions in the rstatix package 

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 

between median multivariate overlap and year to test for directional changes in 

multivariate overlap through time. We used the “cor.test” function in the stats package in 

R (R Core Team 2019) to calculate correlations. 

2.3.4 Influence of herbivory on functional overlap 

 We examined the influence of mammalian herbivory on functional overlap by 

using the “anova_test” function in the rstatix package in R (R Core Team 2019; 

Kassambara 2020) to conduct rmANOVAs comparing mean multivariate and univariate 

functional overlap 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 flowering time data 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 multivariate 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 overlap values. 

Univariate traits with mean overlap scores below 0.5 were categorized as divergent 

(lower overlap), and those with mean scores above 0.5 were considered as convergent 

(higher overlap). Leaf mass ratio, plant height, flowering time, and leaf area ratio trended 

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 patterns 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 anemophilous species (Figure 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 height, and 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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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 indicates 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 species across all years and both treatments. 

Year Treatment DF F 2 p 

2013 Cage 59 27.84 0.196 1.97e-6 

Control 63 45.57 0.304 5.43e-9 

2014 Cage 56 110.76 0.466 6.95e-15 

Control 59 64.48 0.375 4.86e-11 

2015 Cage 57 84.16 0.374 8.05e-13 

Control 59 87.63 0.399 2.88e-13 

2017 Cage 33 50.67 0.477 3.75e-8 

Control 36 19.66 0.250 8.35e-5 

2018 Cage 25 23.46 0.400 5.59e-5 

Control 25 17.29 0.309 3.30e-4 

2019 Cage 32 31.03 0.337 3.77e-6 

Control 33 29.81 0.270 4.75e-6 
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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 control plot overlap 
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in 2013 (Figure 4). Spearman correlations showed no significant directional patterns in 

multivariate overlap in either control ( = 0.086, p = 0.919) or caged plots ( = 0.543, p = 

0.297). Multivariate overlap varied significantly over time in both caged 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, Table B1) 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 plots were 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 2 p 

Cage 270.78 0.67 0.006 0.61 

Control 298.18 13.0 0.083 2.55e-10 

 

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 2 p 

Anemophilous Cage 278.39 5.45 0.035 2.50e-4 

Control 239.15 11.11 0.069 1.12e-7 

 

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 by 2013 for 

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 height (Appendix 
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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, Table C4) and support fraction (Appendix C, Table 

C7) varied significantly within treatments, with 2013-2014 being the only comparison 

between consecutive years that varied significantly for either trait. Specific leaf area also 

varied randomly across time within treatments (Appendix C, Table C6), with 2014-2015 

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

Table 6. Within treatment rmANOVAs showed significant temporal variation across all univariate 

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 2 p 

Flowering time Cage 266.79 4.03 0.028 4.00e-3 

Control 

 

262.30 14.36 0.084 3.07e-10 

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 3.36e-11 

Control 

 

232 19.90 0.149 1.79e-12 

Leaf dry mass Cage 252.89 3.45 0.023 0.011 

Control 

 

286.63 8.50 0.051 1.18e-6 

Specific leaf area Cage 228.21 7.06 0.048 8.14e-5 

Control 

 

245.21 13.70 0.074 2.66e-9 

Support fraction Cage 205 12.71 0.097 1.33e-7 

Control 252 8.16 0.057 7.24e-6 
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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 by pollination 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 entomophilous 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 caged and 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 2 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 9.43e-6 0.966 
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Table 8. Between treatment rmANOVAs revealed 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 2 p 

Anemophilous 2013 2.40 2.37 74 0.18 1.00e-3 0.677 

2014 2.43 2.45 72 0.07 3.69e-4 0.799 

2015 2.39 2.39 73 0.002 1.59e-5 0.961 

2017 2.20 2.32 71 4.76 0.036 0.032 

2018 2.17 2.25 65 2.80 0.019 0.099 

2019 

 

2.34 

 

2.32 

 

67 

 

0.05 

 

2.66e-4 0.833 

 

Entomophilous 

 

2013 1.85 2.02 51 7.32 0.061 9.00e-3 

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 (Table 9). In 2013, all univariate overlap measures 

that differed significantly between treatments were due to higher overlap in control plots 

than caged plots. This pattern flipped in the following years – in 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 2 p 

Flowering time 2013 0.43 0.34 74 57.85 0.202 7.19e-11 

2014 0.34 0.35 74 0.73 5.00e-3 0.396 

2015 0.33 0.34 73 0.13 6.99e-4 0.716 

2017 0.35 0.36 72 0.32 2.00ee-3 0.571 

2018 0.35 0.38 66 2.10 0.015 0.155 

2019 0.37 0.38 69 0.60 4.00e-3 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 0.8.00e-3 0.266 

2015 0.36 0.36 73 0.26 2.00e-3 0.614 

2017 0.35 0.39 72 4.58 0.035 0.036 

2018 0.35 0.36 66 0.30 2.00e-3 0.588 

2019 0.37 0.36 69 0.40 3.00e-3 0.528 

Plant height 2013 0.43 0.44 74 0.13 9.55e-4 0.716 

2014 0.42 0.44 74 0.48 4.00e-3 0.492 

2015 0.44 0.45 73 0.16 1.00e-3 0.692 

2017 0.40 0.41 72 0.01 6.96e-5 0.918 

2018 0.40 0.41 66 0.01 1.16e-4 0.906 

2019 0.46 0.41 69 2.94 0.021 0.091 

Leaf area ratio 2013 0.46 0.42 74 8.74 0.047 0.004 

2014 0.39 0.40 74 1.05 7.00e-3 0.310 

2015 0.40 0.42 73 0.93 7.00e-3 0.337 

2017 0.47 0.51 72 3.76 0.027 0.057 

2018 0.48 0.47 66 0.16 1.00e-3 0.694 

 2019 0.49 0.48 69 0.07 4.26e-4 0.793 

Leaf dry mass 2013 0.68 0.63 74 3.74 0.021 0.057 

 2014 0.61 0.63 74 0.64 4.00e-3 0.427 

 2015 0.60 0.62 73 1.22 8.00e-3 0.273 

 2017 0.58 0.58 72 0.15 1.00e-3 0.704 

 2018 0.60 0.59 66 0.02 1.04e-4 0.902 

 2019 0.58 0.58 69 0.10 5.38e-4 0.751 

Specific leaf area 2013 0.69 0.70 74 0.05 3.47e-4 0.825 

 2014 0.69 0.73 74 6.19 0.035 0.015 

 2015 0.68 0.69 73 1.38 8.00e-3 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 3.00e-3 0.527 

 2019 0.58 0.60 69 0.28 2.00e-3 0.599 
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4. Discussion 

4.1 Temporal dynamics in functional trait overlap 

We found that functional trait overlap fluctuates across years (Tables 4-6) without 

any appreciable direction (Figures 4-7). These findings mark an important contribution to 

the study of community dynamics, as typical studies of trait-based community dynamics 

primarily focus on single-year time frames, with the implicit expectation that observed 

patterns should represent stable or predictable community-level processes. To illustrate 

this, we identified the 10 most widely cited field-based studies of trait-based dynamics 

(based on a Scopus search using the keywords “plant community” AND “trait dispersion” 

OR “trait convergence” OR “trait divergence” OR “trait overlap”). We included two 

additional studies in this review of the 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 remaining eleven 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; 

Bernard-Verdier et al. 2012; de Bello et al. 2012; Gross et al. 2013; Abgrall et al. 2017). 

Much like the 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; Gross et al. 2013; 

Abgrall et al. 2017). Although Fukami et al. (2005) 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. This is similar to our 
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approach to functional overlap within pollination systems, where we found conflicting 

patterns of convergence and divergence (Figure 5). Although this within-functional-group 

approach is useful when hypotheses revolve around differences between groups 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 our search using the same keywords to review the 10 most recent studies. We 

found that all of the most recent studies of trait-based dynamics were single-year studies 

(Freschet et al. 2011; Denelle et al. 2019; Fischer et al. 2019; Lukács et al. 2019; 

McGrannachan and McGeoch 2019; Miedema 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 the successional age of their sites (time since disturbance), none 

directly measured overlap across years. Successional age should not be considered 

synonymous with within-site temporal dynamics, as time since disturbance relies on 

assembly processes proceeding in a directional path rather than fluctuating seemingly 

randomly, as it appears is the case for the traits examined in our study (Figures 4-7). Our 

study appears to be the first trait-based dynamics experiment to use a data set spanning 

more than two years that tracks changes in functional overlap through time, and our 

results indicate that caution should be exercised when extrapolating long-term processes 

from single-year studies as functional overlap in our study showed significant temporal 

variation and no appreciable directional patterns across years (Figures 4-7; Tables 2-4). 
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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 be indicative 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. 2006; Keating 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 age-based structuring of functional overlap may be one 

explanation for 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 future work by 

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 Mechanical strength 

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 0.5 convergence/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; Ochoa-López 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 et al. 2005). It 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 et al. 2007; 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. 2011). Such a prediction appears to agree with the 

convergence we found within the graminoid-dominated anemophilous species at our site 

(Figure 5A). However, some studies have found trait convergence among unrelated 

species (Cavender-Bares et al. 2004; Silvertown et al. 2006), indicating complexity in the 

relationship between phylogenetic diversity 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 showed consistent trends towards trait 

convergence, but leaf dry mass overlap showed no treatment effect and remained 

relatively stable throughout the study. Specific leaf area did not show any predictable 

pattern that could be definitively attributed to herbivory from small 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 declined and rebounded 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 plots), and both 

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 and rebound of 

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 mid-way through our study (Figure 7 panel B, Figure 6 panel C) 

combined with the 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 

pronounced in 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 2016 (2016 was unusually hot and dry; Ontario Ministry of Natural 

Resources and Forestry 2017) or elevated activity of larger, mammalian herbivores. 

Although voles (Microtus pennsylvanicus) are the most commonly observed herbivores at 

this site (Schamp, personal observation), it is worth noting that white-tailed deer 

(Odocoileus virginianus) have been seen nearby on rare occasions, and black bears 

(Ursus americanus), which are known to eat some resident species (e.g., Taraxacum 

officinale) are common.  

It is noteworthy that overlap for support fraction, which served as a 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; Mithöfer and Boland 2012) rather than mechanical 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 overlap we observed 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 (Wardle and Barker 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 relative to control; 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 pollination systems, 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 towards trait divergence. 

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) compared to those that grow slowly and flower later. 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 phenological differences 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 Barrett 2009) or volatile emissions (Farré-

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 community would likely increase. These results 
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highlight the importance of examining finer scale patterns within functional groups that 

may be masked by community-wide tests of functional overlap. 

In addition to lower overlap scores, treatment effects were more commonly found 

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 result of or a response 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 apparency for pollinator 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 without directly 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 priming defences 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 goals laid 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 univariate functional 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 here, it is 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; Sheppard et al. 2018; 

El-Barougy et al. 2020), but some work suggests that the importance of similarity 

between introduced and native species is dependent on the stage of invasion. Divíšek et 

al. (2018) showed that although similarity with native species facilitated the 

establishment 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 observed trend 

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 future research 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 experienced a higher degree of interspecific competition than 

control plots and that herbivory from insects can influence competitive interactions 

between plants (Borgström et al. 2016), directly assessing the extent of aboveground 

herbivory in control and caged plots would be an important step. In addition to directly 

measuring herbivory within plots using non-destructive sampling (Getman-Pickering et 
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al. 2019), additional, short-term caged and control plots could be set up containing 

artificial seed banks similar 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 persistent 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 was common in our study, and although it is 

possible that some of this variation is attributable to subtle differences in sampling 

techniques across multiple observers, this variation opens the door to additional 

experiments as variation in functional traits has 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 variation 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 iterations of this 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 functional overlap changes in response to an altered climate. 
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Divíšek J, Chytrý M, Beckage B, Gotelli NJ, Lososová Z, Pyšek P, Richardson DM, 

Molofsky J. 2018. Similarity of introduced plant species to native ones facilitate 

naturalization, but differences enhance invasion success. Nat Commun. 9. 

 

Doak DF, Loso MG. 2003. Effects of grizzly bear digging on alpine plant community 

structure. Arct. Antarct. Alp. 35:421-428. 

 

Douma JC, Anten NPR. 2019. Touch and plant defence: volatile communication with 

neighbours. J Exp Bot. 70:371-374. 

 

Dudareva N, Negre F, Nagegowda DA, Orlova I. 2006. Plant volatiles: recent advances 

and future perspectives. Crit Rev Plant Sci. 25:417-440. 

 

Edwards EJ, Chatelet DS, Sack L, Donoghue MJ. 2014. Leaf life span and the leaf 

economic spectrum in the context of whole plant architecture. J Ecol. 102:328-

336. 

 

Edwards GR, Crawley MJ. 1999. Herbivores, seed banks and seedling recruitment in 

mesic grassland. J Ecol. 87:423-435. 

 

El-Barougy RF, Elgamal I, Rohr RP, Probert AF, Khedr AA, Bacher S. 2020. Functional 

similarity and dissimilarity facilitate alien plant invasiveness along biotic and 

abiotic gradients in an arid protected area. Biol Invasions. 22:1997-2016. 

 

Ellis EC, Antill EC, Kreft H. 2012. All is not loss: plant biodiversity in the 

Anthropocene. PLoS ONE. 7:e30535. 

 

Enquist BJ, Norberg J, Bonser SP, Violle C, Webb CT, Henderson A, Sloat LL, Savage 

VM. 2015. Scaling from traits to ecosystems: developing a Trait Driver Theory 

via integrating trait-based and metabolic scaling theories. Adv Ecol. 52:249-318. 

 



 

43 

 

Erbs M, Manderscheid R, Weigel H-J. 2012. A combined rain shelter and free-air CO2 

enrichment system to study climate change impacts on plants in the field. 

Methods Ecol Evol. 3:81-88. 

 

Fajardo A, Siefert A. 2019. The interplay among intraspecific leaf trait variation, niche 

breadth and species abundance along light and soil nutrient gradients. Oikos. 

128:881-891. 

 

Fang S, Cadotte MW, Yuan Z, Lin F, Ye J, Hao Z, Wang X. 2019. Intraspecific trait 

variation improves the detection of deterministic community assembly processes 

in early successional forests, but not in late successional forests. J Plant Ecol. 

12:593-602. 

 

Farré-Armengol G, Filella I, Llusià J, Peñuelas J. 2015. Pollination mode determines 

floral scent. Biochem Syst Ecol. 61:44-53. 

 

Fischer FM, Bonnet OJF, Cezimbra IM, Pillar VD. 2019. Long-term effects of grazing 

intensity on strategies and spatial components of functional diversity in 

subtropical grassland. Appl Veg Sci. 22:39-47. 

 

Fraterrigo JM, Rusak JA. 2008. Disturbance-driven changes in the variability of 

ecological patterns and processes. Ecol Lett. 11:756-770. 

 

Freschet GT, Dias ATC, Acklery DD, Aerts R, van Bodegom PM, Cornwell WK, Dong 

M, Kurokawa H,Lui G, Onipchenko VG, et al. 2011. Global to community scale 

differences in the prevalence of convergent over divergent leaf trait distributions 

in plant assemblages. Glob Ecol Biogeogr. 20:755-765. 

 

Fridley JD, Grime JP, Bilton M. 2007. Genetic identity of interspecific neighbours 

mediates plant responses to competition and environmental variation in a species-

rich grassland. J Ecol. 95:908-915. 

 

Fridley JD, Grime JP. 2010. Community and ecosystem effects of intraspecific genetic 

diversity in grassland microcosms of varying species diversity. Ecology. 91:2272-

2283. 

 

Friedman J, Barrett SCH. 2009. Wind of change: new insights on the ecology and 

evolution of pollination and mating in wind-pollinated plants. Ann Bot. 103:1515-

1527. 

 

Fukami T, Bezemer TM, Mortimer SR, van der Putten WH. 2005. Species divergence 

and trait convergence in experimental plant community assembly. Ecol Lett. 

8:1283-1290. 

 



 

44 

 

Funk JL, Larson JE, Ames GM, Butterfield BJ, Cavender-Bares J, Firn J, Laughlin DC, 

Sutton-Grier AE, Williams L, Wright J. 2016. Revisiting the Holy Grail: using 

plant functional traits to understand ecological processes. Biol Rev. 92:1156-

1173. 

 

Galen C. 1999. Flowers and enemies: predation by nectar-thieving ants in relation to 

variation in floral form in an alpine wildflower, Polemonium viscosum. Oikos. 

85:426-434. 

 

Galen C, Cuba J. 2001. Down the tube: pollinators, predators, and the evolution of flower 

shape in the alpine skypilot, Polemonium viscosum. Evolution. 55:1963-1971. 

 

García-Palacios P, Maestre FT, Bardgett RD, de Kroon H. 2012. Plant responses to soil 

heterogeneity and global environmental change. J Ecol. 100:1303-1314. 

 

Garland T Jr, Harvey PH, Ives AR. 1992. Procedures for the analysis of comparative data 

using phylogenetic independent contrasts. Syst Biol. 41:18-32. 

 

Gause GF. 1934. The struggle for existence. Baltimore: The Williams and Williams 

Company. 

 

Getman-Pickering ZL, Campbell A, Aflitto N, Grele A, Davis JK, Ugine TA. 2019. 

LeafByte: a mobile application that measures leaf area and herbivory quickly and 

accurately. Methods Ecol Evol. 11:215-221. 

 

Götzenberger L, de Bello F, Bråthen KA, Davison J, Dubuis A, Guisan A, Lepš J, 

Lindborg R, Moora M, Pärtel M, et al. 2012. Ecological assembly rules in plant 

communities – approaches, patterns and prospects. Biol Rev. 87:111-127. 

 

Gross N, Börger L, Soriano-Morales SI, Le Bagousse-Pinguet Y, Quero JL, García-

Gómez M, Valencia-Gómez E, Maestre FT. 2013. Uncovering multiscale effects 

of aridity and biotic interactions on the functional structure of Mediterranean 

shrublands. J Ecol. 101:637-649. 

 

Guittar J, Goldberg D, Klanderud K, Telford RJ, Vandvik V. 2016. Can trait patterns 

along gradients predict plant community responses to climate change? Ecology. 

97:2791-2801. 

 

Hardin G. 1960. The competitive exclusion principle. Science. 131:1292-1297. 

 

Herben T, Goldberg DE. 2014. Community assembly by limiting similarity vs. 

competitive hierarchies: testing the consequences of dispersion of individual 

traits. J Ecol. 102:156-166. 

 



 

45 

 

Heystek A, Pauw A. 2014. Does competition for pollinators contribute to structuring 

Erica communities? J Veg Sci. 25:648-656. 

 

Hubbell SP. 2005. Neutral theory in community ecology and the hypothesis of functional 

equivalence. Funct Ecol. 19:166-172. 

 

Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend M. 2008. Ecological 

consequences of genetic diversity. Ecol Lett. 11:609-623. 

 

Huisman J, Jonker RR, Zonneveld C, Weissing FJ. 1999. Competition for light between 

phytoplankton species: experimental tests of mechanistic theory. Ecology. 

80:211-222. 

 

Huisman J, Weissing FJ. 1994. Light-limited growth and competition for light in well-

mixed aquatic environments: an elementary model. Ecology. 75:507-520. 

 

Hulme PE. 2008. Post-dispersal seed predation and seed bank persistence. Seed Sci Res. 

8:513-519. 

 

Hutchings MJ, John EA, Wijesinghe DK. 2003. Toward understanding the consequences 

of soil heterogeneity for plant populations and communities. Ecology. 84:2322-

2334. 

 

Hutchinson GE. 1957. Concluding remarks. Cold Spring Harb Symp Quant Biol. 22:415-

427. 

 

Hutchinson GE. 1959. Homage to Santa Rosalia or why are there so many kinds of 

animals? Am Nat. 93:145-159. 

 

Irwin RE, Adler LS, Brody AK. 2004. The dual role of floral traits: pollinator attraction 

and plant defense. Ecology. 85:1503-1511. 

 

Ishizaki S, Hikosaka K, Hirose T. 2003. Increase in leaf mass per area benefits plant 

growth at elevated CO2 concentration. Ann Bot. 91:905-914. 

 

Jensen AM, Schamp BS, Belleau A. 2019. Evidence of temporal niche separation via low 

flowering time overlap in an old-field plant community. Oecologia. 189:1071-

1082. 

Johnson SD. 2010. The pollination niche and its role in the diversification and 

maintenance of the southern African flora. Philos Trans R Soc Lond B Biol 

Sci.365:499-516. 

 

Jung V, Violle C, Mondy C, Hoffman L, Muller S. 2010. Intraspecific variability and 

trait-based community assembly. J Ecol. 98:1134-1140. 

 



 

46 

 

Karban R. 2010. Neighbors affect resistance to herbivory – a new mechanism. New 

Phytol. 186:564-566. 

 

Kassambara A. 2020. rstatix: pipe-friendly framework for basic statistical tests. R 

package version 0.4.0. https://CRAN.R-project.org/package=rstatix 

 

Keating LM, Aarssen LW. 2009. Big plants – do they limit species coexistence? J Plant 

Ecol. 2:119-124. 

 

Kermavnar J, Kutnar L. 2020. Patterns of understory community assembly and plant 

trait-environment relationships in temperate SE European forests. Diversity. 

12:91. 

 

Kessler A, Baldwin IT. 2001. Defensive function of herbivore-induced plnat volatile 

emissions in nature. Science. 291:2141-2144. 

 

Kraft NJB, Cornwell WK, Webb CO, Ackerly DD. 2007. Am Nat. 170:271-283. 

 

Kraft NJB, Adler PB, Godoy O, James EC, Fuller S, Levine JM. 2015a. Community 

assembly, coexistence and the environmental filtering metaphor. Funct Ecol. 

29:592-599. 

 

Kraft NJB, Godoy O, Levine JM. 2015b. Plant functional traits and the multidimensional 

nature of species coexistence. Proc Natl Acad Sci U S A. 112:797-802. 

 

Kraft NJB, Valencia R, Ackerly DD. 2008. Functional trait niche-based tree community 

assembly in an Amazonian forest. Science. 322:580-582. 

 

Kudo G, Nishikawa Y, Kasagi T, Kosuge S. 2004. Does seed production of spring 

ephemerals decrease when spring comes early? Ecol Res.19:255-259. 

 

Kunstler G, Falster D, Coomes DA, Hui F, Kooyman RM, Laughlin DC, Poorter L, 

Vanderwel M, Vielledent G, Wright SJ, et al. 2016. Nature. 529:204-207. 

 

Lavorel S, Garnier E. 2002. Predicting changes in community composition and 

ecosystem functioning from plant traits: revisiting the Holy Grail. Funct Ecol. 

16:545-556. 

Leffler AJ, Leonard ED, James, JJ, Monaco TA. 2014. Invasion is contingent on species 

assemblage and invasive species identity in experimental rehabilitation plots. 

Rangel Ecol Manag. 67:657-666. 

 

Leon RG, Owen MDK. 2004. Artificial and natural seed banks differ in seedling 

emergence patterns. Weed Sci. 52:531-537. 

 



 

47 

 

Limb RF, Hovick TJ, Norland JE, Volk JM. 2018. Grassland plant community spatial 

patterns driven by herbivory intensity. Agric Ecosyst Environ. 257:113-119. 

 

Linton LR, Davies RW, Wrona FJ. 1981. Resource utilization indices: an assessment. J 

Anim Ecol. 50:283-292. 

 

Lipson DA, Schadt CW, Schmidt SK. 2002. Changes in soil microbial community 

structure and function in an alpine dry meadow following spring snow melt. 

Microb Ecol. 43:307-314. 

 

Loreau M. 2000. Biodiversity and ecosystem functioning: recent theoretical advances. 

Oikos. 91:3-17. 

 

Lukács BA, E-Vojtkó A, Erős T, Molnár V A, Szabó S, Götzenberger L. 2019. Carbon 

forms, nutrients and water velocity filter hydrophyte and riverbank species 

differently: a trait-based study. J Veg Sci. 30:471-484. 

 

MacArthur R, Levins R. 1967. The limiting similarity, convergence, and divergence of 

coexisting species. Am Nat. 101:377-385. 

 

McGill BJ, Enquist BJ, Weiher E, Westoby M. 2006. Rebuilding community ecology 

from functional traits. Trends Ecol Evol. 21:178-185. 

 

McGrannachan CM, McGeoch MA. 2019. Multispecies plant invasion increases function 

but reduces variability across an understorey metacommunity. Biol 

Invasions.21:1115-1129. 

 

Menezes BS, Martins FR, Dantas Carvalho EC, Souza BC, Silveira AP, Loiola MIB, 

Arajúo FS. 2020. Assembly rules in a resource gradient: competition and abiotic 

filtering determine the structuring of plant communities in stressful environments. 

PLoS ONE. 15:e0230097. 

 

Metcalfe H, Hassal KL, Boinot S, Storkey J. 2019. The contribution of spatial mass 

effects to plant diversity in arable fields. J Appl Ecol. 56:1560-1574. 

 

Miedema LJ, Capmourteres V, Anand M. 2019. Impact of land composition and 

configuration on the functional trait assembly of forest communities in southern 

Ontario. Ecosphere. 10:e02633. 

 

Mithöfer A, Boland W. 2012. Plant defense against herbivores: chemical aspects. Annu 

Rev Plant Biol. 63:431-450. 

 

Mortensen B, Danielson B, Harpole WS, Alberti J, Arnillas CA, Biederman L, Borer ET, 

Cadotte MW, Dwyer JM, Hagenah N, et al. 2018. Herbivores safeguard plant 

diversity by reducing variability in dominance. J Ecol. 106:101-112. 



 

48 

 

 

Murphy GEP, Romanuk TN. 2012. A meta-analysis of community response 

predictability to anthropogenic disturbances. Am Nat. 180:316-327. 

 

Naaf T, Wulf M. 2012. Plant community assembly in temperate forests along gradients of 

soil fertility and disturbance. Acta Oecol. 39:101-108. 

 

Neilson RRP, Pitelka LLF, Solomon AM, Nathan R, Midgley GF, Fragoso JMV, Liscke 

H, Thompson K. 2005. Forecasting regional to global plant migration in response 

to climate change. BioScience. 55:749. 

 

Ochoa-López S, Villamil N, Zedillo-Aveeelleyra P, Boerge K. 2015. Plant defence as a 

complex and changing phenotype throughout ontogeny. Ann Bot. 116:797-806. 

 

Ontario Ministry of Natural Resources and Forestry. 2017. Forest health conditions in 

Ontario 2016. Available from: https://files.ontario.ca/mnrf-forest-health-

conditions-ontario-2016-2020-01-03.pdf. [Accessed September 23, 2020]. 

 

Pavoine S, Baguette M, Bonsall MB. 2010. Decomposition of trait diversity among the 

nodes of a phylogenetic tree. Ecol Monogr. 80:485-507. 

 

Pavoine S, Love M, Bonsall MB. 2009. Hierarchical partitioning of evolutionary and 

ecological patterns in the organization of phylogenetically-structure species 

assemblages: applications to rockfish (genus: Sebastes) in Southern California 

Bight. Ecol Lett. 12:898-908. 

 

Pavoine S, Vela E, Gachet S, de Bélair G, Bonsall MB. 2011. Linking patterns in 

phylogeny, traits, abiotic variables and space: a novel approach to linking 

environmental filtering and plant community assembly. J Ecol. 99:165-175. 

 

Peres-Neto PR. 2004. Patterns in the co-occurrence of fish species in streams: the role of 

site suitability, morphology and phylogeny versus species interactions. Oecologia. 

140:352-360. 

 

Pérez-Harguindeguy N, Díaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry P, Bret-

Harte MS, Cornwell WK, Craine JM, Gurvich DE, et al. 2013. New handbook for 

standardised measurement of plant functional traits worldwide. Aust J Bot. 

61:167-234. 

 

Perrone R, Munoz F, Borgy B, Reboud X, Gaba S. 2017. How to design trait-based 

analyses of community assemvly mechanisms: insights and guidelines from a 

literature review. Perspect Plant Ecol Evol Syst. 25:29-44. 

Pillar VD, da S Duarte L, Sosinski EE, Joner F. 2009. Discriminating trait-convergence 

and trait-divergence assembly patterns in ecological community gradients. J Veg 

Sci. 20:334-348. 



 

49 

 

 

Ploughe LW, Jacobs EM, Frank GS, Greenler SM, Smith MD, Dukes JS. 2019. 

Community responses to extreme drought (CRED): a framework for drought-

induced shifts in plant-plant interactions. New Phytol. 222:52-69. 

 

Poorter H, Remkes C. 1990. Leaf area ratio and net assimilation rate of 24 wild species 

differing in relative growth rate. Oecologia. 83:553-559. 

 

Post E, Pedersen C. 2008. Opposing plant community responses to warning with and 

without herbivores. Proc Natl Acad Sci U S A. 105:12353-12358. 

 

Pratt PD, Rayamajhi MB, Van TK, Ceneter TD, Tipping PW. 2005. Herbivory alters 

resource allocation and compensation in the invasive tree Melaleuca 

quinquenervia. Ecol Entomol.30:316-326. 

 

R Core Team. 2019. R: a language and environment for statistical computing. Vienna: R 

foundation for statistical computing. https://www.R-project.org/ 

 

Roetman E, Sterk AA. 1986. Growth of microspecies of different sections of Taraxacum 

in climatic chambers. Acta Bot Neerl. 35:5-22. 

 

Rohal CB, Cranney C, Kettenring KM. 2019. Abiotic and landscape factors constrain 

restoration outcomes across spatial scales of a widespread invasive plant. Front 

Plant Sci. 10:481. 

 

Saatkamp A, Henry F, Dutoit T. 2017. Vegetation and soil seed bank in a 23-year grazing 

exclusion chronosequence in a Mediterranean dry grassland. Plant Biosyst. 

152:1020-1030. 

 

Sargent RD, Ackerly DD. 2008. Plant-pollinator interactions and the assembly of plant 

communities. Trends Ecol Evol. 23:123-130. 

 

Schamp BS, Aarssen LW, Piggott GSJ, Dante SK. 2016. The impact of non-reproductive 

plant species on assessments of community structure and species co-occurrence 

patterns. J Veg Sci. 27:668-678. 

 

Schamp BS, Aarssen LW. 2010. The role of plant species size in invasibility: a field 

experiment. Oecologia. 162:995-1004. 

 

Schamp BS, Chau J, Aarssen LW. 2008. Dispersion of traits related to competitive ability 

in an old-field community. J Ecol. 96:204-212. 

 

Schamp BS, Hettenbergerová E, Hájek M. 2011. Testing community assembly 

predictions for nominal and continuous plant traits in species-rich grasslands. 

Preslia. 83:329-346. 



 

50 

 

 

Schamp BS, Jensen AM. 2019. Evidence of limiting similarity revealed using a 

conservative assessment of coexistence. Ecosphere. 10:e02840. 

 

Scheffer M, van Nes EH. 2006. Self-organized similarity, the evolutionary emergence of 

groups of similar species. Proc Natl Acad Sci U S A. 18:6230-6235. 

 

Scheffer M, van Nes EH, Vergnon R. 2018. Toward a unifying theory of biodiversity. 

Proc Natl Acad Sci U S A. 115:639-641. 

 

Scherrer D, Mod HK, Pottier J, Litsios-Dubuis A, Pellissier L, Vittoz P, Götzenberger L, 

Zobel M, Guisan A. 2019. Disentangling the processes driving plant assemblages 

in mountain grasslands across spatial scales and environmental gradients. J Ecol. 

107:265-278. 

 

Schleicher A, Peppler-Lisbach C, Kleyer M. 2011. Functional traits during succession: is 

plant community assembly trait-driven? Preslia. 83:347-370. 

 

Schmidt SK, Lipson DA. 2004. Microbial growth under the snow: implications for 

nutrient and allelochemical availability in temperate soils. Plant Soil. 259:1-7. 

 

Schoener TW. 1970. Nonsynchronous spatial overlap of lizards in patchy habitats. 

Ecology. 51:408-418. 

 

Schultz JC, Appeel HM, Ferrieri AP, Arnold TM. 2013. Flexible resource allocation 

during plant defense responses. Front Plant Sci. 4:324. 

 

Sfenthourakis S, Tzanatos E, Giokas S. 2006. Species co-occurrence: the case of 

congeneric species and a causal approach to patterns of species association. Glob 

Ecol Biogeogr. 15:39-49. 

 

Sheppard CS, Carboni M, Essl F, Seebens H, DivGrass Consortium, Thuiller W. 2018. It 

takes one to know one: similarity to resident alien species increases establishment 

success of new invaders. Divers Distrib. 24:680-691. 

 

Shmida A, Wilson MV. 1985. Biological determinants of species diversity. J Biogeogr. 

12:1-20. 

 

Siefert A, Violle C, Chalmandrier L, Albert CH, Taudiere A, Fajardo A, Aarssen LW, 

Baraloto C, Carlucci MB, Cianciaruso MV, et al. 2015. A global meta-analysis of 

the relative extent of intraspecific trait variation in plant communities. Ecol Lett. 

18:1406-1419. 

 

Sierfert A. 2012. Incorporating intraspecific variation in tests of trait-based community 

assembly. Oecologia. 170:767-775. 



 

51 

 

 

Silvertown J. 2004. Plant coexistence and the niche. Trends Ecol Evol. 19:605-611. 

 

Silvertown J, McConway K, Gowing D, Dodd M, Fay MF, Joseph JA, Dolphin K. 2006. 

Absence of phylogenetic signal in the niche structure of meadow plant 

communities. Proc Royal Soc B. 273:39-44. 

 

Song GC, Ryu C-M. 2018. Evidence for volatile memory in plants: boosting defence 

priming through the recurrent application of plant volatiles. Mol Cells. 41:724-

732. 

 

Spaeth PA. 2009. Morphological convergence and coexistence in three sympatric North 

American species of Microtus (Rodentia: Arvicolinae). J Biogeogr. 36:350-361. 

 

St. Martin P, Mallik AU. 2019. Alternate successional pathway yields alternate pattern of 

functional diversity. J Veg Sci. 30: 461-470. 

 

 

Strauss SY, Cacho NI. 2013. Nowhere to run, nowhere to hide: the importance of 

enemies and apparency in adaptation to harsh soil environments. Am Nat. 

182:E1-E14. 

 

Stubbs WJ, Wilson JB. 2004. Evidence for limiting similarity in a sand dune community. 

J Ecol. 92:557-567. 

 

Subedi SC, Ross MS, Sah JP, Redwine J, Baraloto C. 2019. Trait-based community 

assembly pattern along a forest succession gradient in a seasonally dry tropical 

foreset. Ecosphere. 10:e02719. 

 

Tan Z, Zhang H. 2020. Niche-processes induced differences in plant growth, carbon 

balance, stress resistance, and regeneration affect community assembly over 

succession. PLoS ONE. 15:e0229443. 

 

Tardiff SE, Stanford JA. 1998. Grizzly bear digging: effects on subalpine meadow plants 

in relation to mineral nitrogen availability. Ecology. 79:2219-2228. 

 

Thibault KM, Brown JH. 2008. Impact of an extreme climatic event on community 

assembly. Proc Natl Acad Sci U S A. 105:3410-3415. 

 

Thuiller W, Gassó N, Pino J, Vilà M. 2012. Ecological niche and species traits: key 

drivers of regional plant invader assemblages. Biol Invasions. 14:1963-1980. 

 

Tilman D. 1988. Plant strategies and the dynamics and structure of plant communities. 

Princeton: Princeton University Press. 

 



 

52 

 

Tilman D. 2004. Niche tradeoffs, neutrality, and community structure: a stochastic theory 

of resource competition, invasion, and community assembly. Proc Natl Acad Sci 

U S A. 101:10854-10861. 

 

Truernicht M, Pagel J, Tonnabel J, Esler KJ, Slingsby JA, Schurr FM. 2020. Functional 

traits explain the Hutchinsonian niches of plant species. Glob Ecol Biogeogr. 

29:534-545. 

 

Ureta C, Martorell C. 2009. Identifying the impacts of chronic anthropogenic disturbance 

on two threatened cacti to provide guidelines for population-dynamics restoration. 

Biol Conserv. 142:1992-2001. 

 

Valladares F, Bastias CC, Godoy O, Granda E, Escudero A. 2015. Species coexistence in 

a changing world. Front Plant Sci. 6:866. 

 

Vellend M, Baeten L, Becker-Scarpitta A, Boucher-Lalonde V, McCune JL, Messier J, 

Myers-Smith IH, Sax DF. 2017. Plant biodiversity change across scales during the 

Anthropocene. Annu Rev Plant Biol. 68:563-586. 

 

Violle C, Enquist BJ, McGill BJ, Jiang L, Albert CH, Hulshof C, Jung V, Messier J. 

2012. The return of the variance: intraspecific variability in community ecology. 

Trends Ecol Evol. 27:244-252. 

 

Violle C, Garnier E, Lecoeur J, Roumet C, Podeur C, Blanchard A, Navas M-L. 2009. 

Competition, traits and resource depletion in plant communities. Community 

Ecol. 160:747-755. 

 

Violle C, Jiang L. 2009. Towards a trait-based quantification of species niche. J Plant 

Ecol. 2:87-93. 

 

War AR, Sharma HC, Paulraj MG, War MY, Ignacimuthu S. 2011. Herbivore induced 

plant volatiles: their role in plant defense for pest management. Plant Signal 

Behav. 6: 1973-1978. 

 

Wardle DA, Barker GM. 1997. Competition and herbivory in establishing grassland 

communities: implications for plant biomass, species diversity and soil microbial 

activity. Oikos. 80:470-480. 

 

Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. 2002. Phylogenies and community 

ecology. Annu Rev Ecol Systemat. 33:475-505. 

 

Weiher E, Clarke GDP, Keddy PA. 1998. Community assembly rules, morphological 

dispersion, and the coexistence of plant species. Oikos. 81:309-322. 

 



 

53 

 

Weiher E, Keddy PA. 1995. Assembly rules, null models, and trait dispersion: new 

questions from old patterns. Oikos. 74:159-164. 

 

Weiher E; van der Werf A; Thompson K; Roderick M; Garnier E; Eriksson O.1999. 

Challenging Theophrastus: a common core list of plant traits for functional 

ecology. J Veg Sci. 10:609-620. 

 

Weiner J, Damgaard C. 2006. Size-asymmetric competition and size-asymmetric growth 

in a spatially explicity zone-of-influence model of plant competition. Ecol Res. 

21:707-712. 

 

Wilson JB. 1999. Guilds, functional types and ecological groups. Oikos. 86:507-522. 

 

Wilson JB, Stubbs WJ. 2012. Evidence for assembly rules: limiting similarity within a 

saltmarsh. J Ecol. 100:210-221. 

 

Woodman RL, Fernandes GW. 1991. Differential mechanical defense: herbivory, 

evapotranspiration, and leaf-hairs. Oikos. 60:11-19. 

 

Xu J, Chai Y, Wang M, Dang H, Guo Y, Chen Y, Zhang C, Li T, Zhang L, et al. 2018. 

Shifts in plant community assembly processes across growth forms along a 

habitat severity gradient: a test of the plant functional trait approach. Front Plant 

Sci. 9:180. 

 

Xue W, Huang L, Dong B-C, Zhang, M-X, Yu F-H. 2013. Patchy distributions of 

competitors affect the growth of a clonal plant when the competitor density is 

high. PLoS ONE. 8:e78221. 

 

Zorger BB, Tabarelli M, de Queiroz RT, Rosado BHP, Pinho BX. 2019. Functional 

organization of woody plant assemblages along precipitation and human 

disturbance gradients in a seasonably dry tropical forest. Biotropica. 51:838-850 

 

 



 

54 

 

Appendix A. Post hoc testing of temporal variation in control plot 

multivariate overlap 

Table A1. A post hoc pairwise t-test, with p-values adjusted with Bonferroni correction to account 

for multiple comparisons, showed significant differences in mean multivariate overlap within control 

plots. Mean control plot overlap 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 in 2014 than in 

2019. 

Year 1 Year 2 DF t p p-adj. 

2013 2014 74 7.26 3.22e-10 4.83e-9 

2013 2015 73 6.10 4.83e-8 7.24e-7 

2013 2017 74 5.50 4.93e-7 7.40e-6 

2013 2018 70 4.90 5.82e-6 8.73e-5 

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 2.00e-3 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 5.00e-3 0.08 

2017 2018 70 -0.62 0.54 0.10 
2017 2019 71 -2.74 8.00e-3 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 t-tests showed significant variation in multivariate overlap in 

anemophilous species in both control and caged plots. 

Treatment Year 1 Year 2 DF t p p-adj. 

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 1.00e-3 0.020 

Control 2013 2018 70 3.90 2.15e-4 3.00e-3 

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 4.99e-6 7.48e-5 

Control 2014 2018 68 5.98 9.24e-8 1.39e-6 

Control 2014 2019 68 2.20 0.032 0.473 

Control 2015 2017 73 4.41 3.49e-5 5.24e-4 

Control 2015 2018 69 5.26 1.53e-6 2.30e-5 

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 3.75e-4 6.00e-3 

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 6.00e-3 0.095 

Cage 2014 2018 69 4.50 2.68e-5 4.02e-4 

Cage 2014 2019 71 3.33 1.00e-3 0.021 

Cage 2015 2017 71 1.73 0.088 1.000 

Cage 2015 2018 69 3.37 1.00e-3 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 t-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 6.00e-3 0.087 

2013 2015 52 2.09 0.042 0.630 

2013 2017 29 3.85 6.08e-4 9.00e-3 

2013 2018 23 4.60 1.27e-4 2.00e-3 

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 t-tests showing within treatment differences in flowering time overlap. 

Treatment Year 1 Year 2 DF t p p-adj. 

Control 2013 2014 74 7.78 3.40e-11 5.10e-10 

Control 2013 2015 73 7.41 1.77e-10 2.66e-9 

Control 2013 2017 74 5.67 2.59e-7 3.88e-6 

Control 2013 2018 70 5.37 9.80e-7 1.47e-5 

Control 2013 2019 71 4.11 1.03e-4 2.00e-3 

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 7.00e-3 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 7.01e-4 0.011 

Cage 2015 2019 72 -3.18 2.00e-3 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 t-tests showing within treatment differences in leaf mass ratio in control 

plots. 

Year 1 Year 2 DF t p p-adj. 

2013 2014 74 5.03 3.36e-6 5.04e-5 

2013 2015 73 3.29 2.00e-3 0.023 

2013 2017 74 3.14 2.00e-3 0.036 

2013 2018 70 3.24 2.00e-3 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 t-tests showing within treatment differences in plant 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 2.00e-3 0.024 

Control 

 

2018 2019 70 -3.72 3.94e-4 6.00e-3 

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 2.41 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 t-tests showing significant within treatment variation in leaf area ratio 

overlap. 

Treatment Year 1 Year 2 DF t p p-adj. 

Control 2013 2014 74 6.50 8.37e-9 1.26e-7 

Control 2013 2015 73 4.90 5.58e-6 8.37e-5 

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 8.87e-8 1.33e-6 

Control 2014 2018 70 -7.28 3.88e-10 5.82e-9 

Control 2014 2019 71 -6.53 8.43e-9 1.26e-7 

Control 2015 2017 73 -4.93 5.00e-6 7.50e-5 

Control 2015 2018 69 -6.10 5.49e-8 8.24e-7 

Control 2015 2019 70 -5.12 2.55e-6 3.82e-5 

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 8.25e-6 1.24e-4 

Cage 2013 2018 70 -4.23 6.92e-5 1.00ee-3 

Cage 2013 2019 72 -3.74 3.70e-4 6.00e-3 

Cage 2014 2015 74 -2.61 0.011 0.164 

Cage 2014 2017 72 -6.60 6.72e-9 1.01e-7 

Cage 2014 2018 70 -4.80 9.20e-6 1.38e-4 

Cage 2014 2019 72 -4.69 1.25e-5 1.88e-4 

Cage 2015 2017 72 -5.73 2.20e-7 3.30e-6 

Cage 2015 2018 70 -4.11 1.08e-4 2.00e-3 

Cage 2015 2019 72 -3.81 2.85e-4 4.00e-3 

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 t-tests show significant variation within control plots for leaf dry mass 

overlap. Significant variation was initially found within caged plots, but was not retained when 

controlling for multiple comparisons. 

Treatment Year 1 Year 2 DF t p p-adj. 

Control 2013 2014 74 4.22 6.93e-5 1.00e-3 

Control 2013 2015 73 4.73 1.06e-5 1.59e-4 

Control 2013 2017 74 5.36 8.94e-7 1.34e-5 

Control 2013 2018 70 3.95 1.85e-4 3.00e-3 

Control 2013 2019 71 5.11 2.56e-6 3.84e-5 

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 9.00e-3 0.130 

Cage 2013 2018 70 1.49 0.141 1.000 

Cage 2013 2019 72 2.72 8.00e-3 0.122 

Cage 2014 2015 74 1.26 0.212 1.000 

Cage 2014 2017 72 2.84 6.00e-3 0.088 

Cage 2014 2018 70 1.82 0.074 1.000 

Cage 2014 2019 72 2.81 6.00e-3 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 t-tests show significant variation in specific leaf area overlap in both 

caged and control treatments. 

Treatment Year 1 Year 2 DF t p p-adj. 

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 1.54e-8 2.31e-7 

Control 2013 2018 70 3.54 7.23e-4 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 7.33e-7 1.10e-5 

Control 2014 2018 70 3.26 2.00e-3 0.026 

Control 2014 2019 71 0.55 0.582 1.000 

Control 2015 2017 73 5.00 4.50e-6 6.75e-5 

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 1.90e-7 2.85e-6 

Control 

 

2018 2019 70 -2.90 5.00e-3 0.077 

Cage 2013 2014 74 -2.92 5.00e-3 0.070 

Cage 2013 2015 74 0.13 0.901 1.000 

Cage 2013 2017 72 3.10 3.00e-3 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 6.22e-5 9.33e-4 

Cage 2014 2017 72 4.55 2.14e-5 3.21e-4 

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 9.00e-3 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 2.35e-4 4.00e-3 

Cage 2018 2019 70 -1.20 0.233 1.000 
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Table C7. Post hoc pairwise t-tests show significant variation in support fraction overlap in both 

caged and control treatments. 

Treatment Year 1 Year 2 DF t p p-adj. 

Control 2013 2014 74 5.44 6.63e-7 9.94e-6 

Control 2013 2015 73 3.55 6.86e-4 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 2.31e-4 3.00e-3 

Control 2014 2018 70 -4.24 6.72e-5 1.00e-3 

Control 2014 2019 71 -4.80 8.45e-6 1.27e-4 

Control 2015 2017 73 -2.94 4.00e-3 0.066 

Control 2015 2018 69 -3.59 6.08e-4 9.00e-3 

Control 2015 2019 70 -3.90 2.20e-4 3.00e-3 

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 4.04e-6 6.06e-5 

Cage 2013 2018 70 -4.11 1.06e-4 2.00e-3 

Cage 2013 2019 72 -4.55 2.16e-5 3.24e-4 

Cage 2014 2015 74 -0.86 0.391 1.000 

Cage 2014 2017 72 -4.08 1.13e-4 2.00e-3 

Cage 2014 2018 70 -3.18 2.00e-3 0.033 

Cage 2014 2019 72 -3.63 5.26e-4 8.00e-3 

Cage 2015 2017 72 -4.20 7.65e-5 1.00e-3 

Cage 2015 2018 70 -3.14 2.00e-3 0.037 

Cage 2015 2019 72 -3.38 1.00e-3 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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