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ABSTRACT 

Plants typically allocate axillary meristems to one of three principal fates: growth (G), 

reproduction (R), or inactivity (I). The latter is commonly enforced by ‘apical 

dominance’, promoting a growth form that favours vertical shoot extension — mediated 

by the effects of auxin produced in the shoot apical meristem. When the latter is removed 

however (e.g. by herbivores), meristem allocation may change, thus affecting plant 

architecture, biomass accumulation, and/or reproductive effort. Fecundity and/or plant 

mass may consequently suffer (under-compensate), remain unaffected (compensate), or 

increase (overcompensation). The latter signifies a ‘cost of apical dominance’, but one 

that may be outweighed by several potential benefits from having apical dominance 

intact. I removed the shoot apical meristem for replicate plants early in the growing 

season within natural populations of 22 herbaceous angiosperm species with a 

conspicuously vertical growth form commonly found in eastern Ontario to: (i) test for a 

cost of apical dominance; (ii) examine effects on leaf size and leafing intensity; and (iii) 

explore effects of between-species variation in leafing intensity on propensity for a cost 

of apical dominance. Clipped and unclipped plants had their near neighbours removed, 

and were harvested after flowering production had finished but before seed dispersal. Dry 

mass was measured separately for above-ground body size, leaves, seeds, and fruit; and 

counts were recorded for each type of meristem, and number of leaves, fruits, and seeds 

per plant. I predicted that: (i) species with a strong apically-dominant growth form would 

respond to shoot apical meristem removal with greater branching intensity, and thus over-

compensation in terms of fecundity and/or biomass; and (ii) overcompensation is enabled 

by production of more but smaller leaves, and hence with a larger bank of axillary 
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meristems available for deployment in branching and/or fruit production. Widely variable 

compensatory capacities were recorded, suggesting effects of uncontrolled between-

species variation in phenology, life history traits, and natural susceptibility to herbivory. I 

also found no significant between-species relationships for compensatory response versus 

mean leaf size or leafing intensity. Overall, the results point to species-specific treatment 

effects on meristem allocation patterns, and no generalized ‘cost of apical dominance’ in 

herbaceous plants. 
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CHAPTER 1: 

INTRODUCTION 

Seed plants commonly allocate main-stem growth to vertical (and in some cases 

horizontal) extension at the expense of allocation to growth of side branches. Referred to 

as apical dominance, this directional growth form ‘strategy’ may have several fitness 

advantages for the plant, but these may also be associated with trade off costs.  The 

research reported here uses a multi-species field experiment to explore recent hypotheses 

concerning these potential benefits and costs of apical dominance, and associated 

implications for future research in plant population and conservation biology.  

 

Overview of Apical Dominance  

 Apical dominance is controlled by effects of the hormone auxin, produced in the 

terminal apex of the main stem and in the tips of roots.  While it has a number of roles in 

plant growth, including the elongation of plant cells in phototropism and growth of root 

hairs, auxin also limits lateral shoot growth through suppression of the main stem’s ‘bud 

bank’ (Cline 1997), thus preferentially favouring extension of the main stem. 

The bud bank is the individual’s population of axillary meristems positioned 

along plant shoots, and from which essential structures develop.  In angiosperms, these 

meristems may have one of three fates (Fig. 1) (Bonser & Aarssen 2003): inactive (I) 

meristems remain in a dormant state and do not produce any structures; reproductive (R) 

meristems produce flowers or inflorescences; and growth (G) meristems produce 

branches bearing leaves.  G meristems (as well as the apex of the main stem) can 

terminate in one of two fates: either in a reproductive or an inactive apex.  The former 
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produces a flower or an inflorescence whereas the latter typically produces nothing.  

Whether the inactive or reproductive meristems are axillary or apical can be signified by 

the subscripts ‘ax’ and ‘ap’ respectively (i.e.  Iax, Iap, Rax, and Rap) (Bonser & Aarssen 

2003).  For a plant with strong apical dominance, many or most of the axillary buds 

found on the main stem remain in their inactive (Iax) form for most or all of the growing 

season.   

The benefit (adaptive advantage) of apical dominance may involve several 

hypotheses / interpretations (Aarssen 1995).  The Light Competition hypothesis suggests 

that strong commitment to vertical growth (height) allows individuals in crowded 

vegetation to overtop close neighbours, thus also minimizing the probability of being 

shaded by them (Aarssen & Irwin 1991).  The fitness advantage here assumes therefore 

that competition for light imposes a relatively strong selection pressure (which of course 

may not be the case in some habitat types).  

The Effective Pollination hypothesis suggests that taller plants (promoted by 

apical dominance) may have an advantage in attracting pollinators (relative to shorter 

neighbours), thus promoting greater reproductive success (Aarssen 1995; Donnelly et al. 

1998) — including possibly with more outcrossing (less selfing) and hence less potential 

cost from inbreeding depression (Donnelly et al. 1998; Lortie & Aarssen 1999).  As with 

the Light Competition hypothesis, the potential fitness benefits here may be more likely 

in habitat types where several resident species are competing for the same pollinators 

(although selection might also result from competition for pollinators between genotypes 

within a species). 
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The Effective Dispersal hypotheses suggests a potential benefit of apical 

dominance through access to effects of wind, which are generally stronger at higher 

distances above ground.  Stronger winds will generally allow seeds to disperse farther 

away from the parent plant, even for species without specialized seed/fruit appendages 

that promote interception of wind currents (and especially for species that lack other seed 

dispersal mechanisms). This effect decreases the likelihood of competition between 

parent plants and their progeny, and also extends the probability of offspring colonization 

to nearby suitable habitat (Aarssen 1995).  Wider dispersal also minimizes susceptibility 

of offspring to density-dependent seed and/or seedling predation (Howe and Smallwood 

1982).   

The final hypothesis — the Reserve Meristem hypothesis — proposes that the 

benefit of apical dominance lies in its effects on delaying release of axillary meristems 

from their inactive state (i.e. prolonging their Iax status), thus making them available (in 

reserve) for deployment should the plant experience apical herbivory (Aarssen 1995), and 

therefore enabling compensatory branch production for the afflicted plant (Lortie & 

Aarssen 2000a).  The Reserve Meristem hypothesis may be more widely applicable 

(being independent of variation in competition intensity, or pollination / seed dispersal 

mechanisms), but its benefit is dependent upon being released from apical dominance, 

and so it assumes that the species is at least periodically (and predictably) susceptible to 

apical herbivory.  In contrast, the other hypotheses for apical dominance involve benefits 

that are essentially passive and direct — i.e. incurred as a consequence of not being 

released from apical dominance. 
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There is no reason of course to generally expect these potential benefits of apical 

dominance to be realized individually.  The mechanisms of two or more hypotheses may 

interact, or may simultaneously account for patterns of variation in the potential fitness 

consequences of apical dominance.    

 

Tolerance versus Resistance 

 The Reserve Meristem hypothesis can be interpreted as a tolerance strategy that 

plants may employ to minimize (compensate for) negative consequences of herbivore 

damage, i.e. losses to reproduction and/or biomass accumulation (Rosenthal & Kotanen 

1994, Ramula et al. 2019).  This stands in contrast to resistance (also called ‘avoidance’ 

or ‘escape’) strategies (Fineblum & Rausher 1995), involving mechanisms that enable 

plants to circumvent / evade herbivore damage altogether, such as chemical defences, and  

physical defences, e.g. leaves covered in trichomes (Strauss & Agrawal 1999).  However, 

a significant body of evidence suggests that plants may commonly employ a combination 

of these two general tactics in contending with the potential destruction wrought by 

depredation (Mauricio et al. 1997; Strauss & Agrawal 1999; Núñez-Farfán et al. 2007).  

Selection for these strategies should be directly related therefore to the comparative 

fitness costs and benefits associated with each.   

 Simultaneous selection for these two strategies may help explain how plants 

commonly survive being grazed multiple times in a growing period (Mauricio et al. 1997; 

Ramula et al. 2019).  
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Overcompensation 

 Compensation results when a plant is able to entirely counteract the detrimental 

effects of herbivory through the use of tolerance strategies and thereby produce 

essentially the same amount of biomass and/or the same reproductive effort as it would 

have had in the absence of herbivory.  Many plants of course also display under-

compensation (reduced performance).  Importantly, however, several studies have 

reported overcompensation — i.e. greater performance in response to herbivore damage 

(Paige & Whitman 1987; Edenius et al. 1993; Scholes et al. 2017), involving species 

with widely varying growth forms, including grasses (Wegener & Odasz 1997) and 

shrubs (Dangerfield & Modukanele 1996), but with herbaceous species claiming a much 

larger body of evidence compared with woody plants (Ramula et al. 2019).   

Where herbivore damage involves the shoot apex, this over-compensatory 

response has been interpreted as a potential ‘cost of apical dominance’ (Aarssen and 

Irwin 1991; Venecz & Aarssen 1998).  In other words, whereas having the lateral 

meristems suppressed by apical dominance may promote fitness benefits (e.g. as in the 

hypotheses above), their inactivity also imposes lost potential for them to contribute to 

reproductive output and/or biomass production.  Consequently, under certain conditions 

— e.g. in uncrowded neighbourhoods with weak or no competition for light — the 

release of apical dominance (e.g. resulting from shoot apex herbivory / damage) enables 

activation of these lateral meristems and thus greater fecundity and/or biomass compared 

with plants that remain strongly committed to vertical growth (because of apical 

dominance left intact, but with little or no fitness advantage conferred from this while 
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residing in an uncrowded neighbourhood) (e.g. see Maschinski and Whitham 1989; 

Lennartsson et al. 2018).      

 The mechanism for overcompensation (or general compensation) may involve 

endoreduplication (Scholes & Paige 2014).  The commencement of the endocycle (as 

opposed to the mitotic cycle) is triggered by a decreased auxin concentration (which 

would be caused by mammalian terminal apical herbivory) (Ishida et al 2010; Scholes et 

al. 2013) and leads to an increase in the ploidy level of the individual.  Increased ploidy 

in this way could possibly lead to cell expansion, promotion of genes related to regrowth, 

and has been linked to increased leaf and fruit size (Sugimoto & Roberts 2004; Barow 

2006; Lee et al. 2009; Scholes & Paige 2014; Scholes et al. 2017; Ramula et al. 2019).   

 The Optimal Defence Theory suggests that potential for overcompensation may 

be selected for in plants that experience regular and extensive herbivory (Ramula et al. 

2019).  This evolved capacity to circumvent damage by predators, fits under an arms race 

context, suggesting an antagonistic relationship.  However, the evolution of a mutualistic 

relationship between plants and herbivores may also be involved in selection for 

overcompensation (Agrawal 2000).  In this framework, plants provide sustenance to 

herbivores while in turn herbivores provide plants with the necessary release from the 

cost of apical dominance, allowing them to recover both their body mass and fecundity 

yields.  

Overall, the interpretation of evidence for overcompensation has been 

controversial with a number of uncertainties concerning effects of potentially 

uncontrolled variables (e.g. Belsky et al. 1993).  Huhta et al. (2000; 2003) suggest that 

overcompensation is only possible for an individual when the level of damage 
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experienced is low, as higher damage levels could limit compensatory ability.  Varying 

soil nutrient levels, studied in different species, have also been hypothesized to influence 

the degree of compensation due to their importance in providing resources for plant 

growth and development: from low nutrient availability being most likely to prompt 

overcompensation, known as the Growth Rate Model (GRM) (Alward & Joern 1993); to 

intermediate availability (Irwin & Aarssen 1996a); to high availability, known as the 

Continuum of Responses Hypothesis (CRH) (Maschinski and Whitham 1989).  While the 

GRM postulates that the low nutrients would mean that plants were already not growing 

to maximum potential, thus making it easier for them to overcompensate in relation to 

others in the population following depredation, the CRH suggests that the only way for a 

plant to have the available nutrients to compensate for any sort of loss is if the nutrients 

are plentiful in the environment.   

The timing of shoot apex damage (e.g. clipping) may also affect the likelihood 

(and interpretation) of overcompensation in terms of release of lateral meristems from 

apical dominance — with early (Maschinski and Whitham 1989) and restricted mid-

range (Lennartsson et al. 1998) points in the growing season both being suggested as 

possible restrictions on plant response.  Early timing is thought to allow more opportunity 

for the plant to recover from the loss, while mid-range times are thought to give time for 

the plant to have grown enough to not immediately die in response to depredation, but not 

grown so much that resources have already been spent.   
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Measurements and Predictors of Tolerance 

The most common metric for which tolerance, and by extension 

overcompensation, has been measured is fecundity (including the number of fruits and 

number of seeds produced by an individual) (Ramula et al. 2019) due to its direct 

relationship with plant fitness.  For similar reasoning, body mass has also been frequently 

measured (Naber & Aarssen 1998; Lebon et al. 2014), but not to the same extent.  The 

two may be inherently linked as aboveground body mass is important in compensation 

(Freeman 2003) and is needed to sustain increased branching and growth. Lortie & 

Aarssen (2000b), for example, reported a relationship between increased branching and 

increased seed production in apically damaged Verbascum thapsus.  Additionally, seed 

size and number of seeds per fruit has been tested as a possible response metric for 

overcompensation, but without showing any significant effect (Paige 1992).   

Metrics for assessing compensatory responses to the disruption of apical 

dominance might also include patterns of meristem allocation (i.e. proportional 

distribution of axillary meristems to the three principal fates: Iax, Rax, or G) associated 

with variable plant forms (and functions).   As plant meristems are finite, elevated 

allocation to one fate may impose reduced allocation to one or both of the other two fates 

— thus possibly representing an emphasis on one fitness component (i.e. reproduction, 

growth, or inactivity/vertical extension) as opposed to another. These patterns in 

meristem allocation can reveal changes in plant architecture in response to stressors (e.g. 

herbivory) that may highlight functional changes in fitness-maximizing growth strategies.  

Previous, studies have shown that determination of plant architecture can be closely 

linked with plant fitness consequences under differing conditions (Bonser & Aarssen 
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1994; 1996; 2001).  McPhee et al. (1997) is apparently the only report using this metric 

in an apical dominance study, finding that architectural strategies in certain prostrate 

plant species are heavily influenced by apical dominance (and its loss).  As meristem 

allocation allows objective assessment of plant growth and reproductive strategies, it may 

offer particular advantages for interpreting fitness consequences associated with apical 

dominance and it’s disruption by shoot apex damage / herbivory. 

Species leaf size may also be an important trait affecting the potential for a plant 

to compensate or overcompensate for shoot apex damage.  Leaf size correlates strongly 

with leafing intensity; i.e. a plant that produces relatively small leaves generally produces 

more leaves per unit body size (owing to the decreased cost of individual leaves) 

(Kleiman & Aarssen 2007, Whitman and Aarssen 2010).  Consequently, plants with 

smaller leaves generally have a larger ‘bud bank’ of axillary meristems (per unit body 

size).  Does this mean therefore that species with smaller leaves generally have a greater 

pool of meristems available ‘on reserve’ for potential deployment (in growth and/or 

reproduction) in response to (compensation for) shoot apical damage/herbivory?  This 

question has not been previously explored.  

 

Study Predictions and Implications 

A ‘cost of apical dominance’ (suppression of lateral meristems), is tested as a central 

prediction in my study species. Two additional main predictions involve possible 

adaptive consequences of leaf size variation:  

(i) Plants with apical dominance disrupted produce smaller leaves and hence have higher 

leafing intensity, thus providing a larger bud bank for potential shoot production and 
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deployment of reproductive meristems, and hence minimizing reproductive loss due to 

apical meristem loss (and potentially enabling an over-compensatory response). 

(ii) Species with smaller leaves, comprising a larger bud bank borne of a higher leafing 

intensity, have generally more compensation in response to apical dominance disruption. 

The species chosen for study are among some of the most apically dominant 

herbaceous plants in our local flora (Kingston, Ontario) — i.e. with little or no side 

branching on main stems until just prior to commencement of reproductive effort.  Upon 

release from the suppressive effect of apical dominance, I predict that axillary meristems 

will be allocated to differing fates (other than inactivity), signalling an adaptive 

architectural response. Increased allocation to growth and/or reproductive effort would 

accordingly represent a cost to strongly apically dominant growth forms.  

 The interpretation of strategies employed by plants in response to disturbances 

(like mammalian herbivory) are instrumental for conservation efforts, especially under a 

changing climate, and landscape.  The most prevalent causes of apical herbivory are large 

mammalian herbivores, including species like deer and moose.  In North America, white-

tailed deer (Odocoileus virginianus) is one of the most pervasive mammalian herbivores 

(Russell et al. 2001).  A 2001 review of literature by Crête et al. reported that white-

tailed deer negatively affect 141 taxa in their native range, or 11% of vascular plants, due 

to herbivory.  Climate change is a prime driver of white-tailed deer range expansion in 

the northern part of North America, specifically in Canada, and by 2050, the range is 

expected to expand 100km further north (Dawe & Boutin 2016).  Similar range 

expansion is also expected for other mammalian herbivores that could be detrimental to 

their new landscapes (Humphries et al. 2004).  These effects will undoubtedly present 



    11 

new challenges to the native flora in the region, leading to loss of biodiversity as stressors 

increase.  

In addition to a conservation context, apical dominance and overcompensation 

research could present new directions for crop production research and the reduction of 

loss through crop damage, especially given the continuing challenges of a growing 

human population. Poveda et al. (2010) found that some herbivory to Solanum tuberosum 

resulted in a 2.5-fold increase in potato yield compared to undamaged plants. Maximizing 

crop yields through use of overcompensation growth practices would require further 

determination of the necessary thresholds of damage needed to produce the desired result 

(Poveda et al. 2018), but could potentially lead to sustainable increased future yields. 
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Figure 1. Illustration of the three potential axillary meristem fates. In (a), an inactive 

(Iax) meristem (red circle) remains in a suppressed state (producing nothing), thus 

leaving resources available for potential allocation to directional main stem growth (e.g. 

height extension). In (b), an Iax has developed as a reproductive (Rax) meristem, 

producing a flower or inflorescence, thus promoting seed offspring production. In (c) an 

Iax has developed as a growth (G) meristem, producing a lateral leaf-bearing 

branch/shoot, thus promoting biomass accumulation and supporting three additional Iax 

meristems, and one terminal inactive shoot apical meristem (Iap) (red circles). 
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CHAPTER 2: 

METHODS 

Study Sites and Species Selection 

Study sites were selected in the vicinity of Queen’s University Biological Station 

(44°13’N, 76°36’W) during the 2017, 2018, and 2019 growing seasons (May-October) 

involving vegetation growing naturally along roadside and woodland edges, and within 

old fields and recently disturbed, abandoned habitats. 

Study species (Table 1) were selected within study sites based on: (1) having an 

apically dominant growth form — i.e. a  main stem growing vertically (or mostly so) 

with very little or no side branch development during the earlier half of the growing 

season (prior to clipping treatment – see below); and (2) resident populations having a 

minimum of twenty intact individuals, showing no, or negligible evidence of above-

ground herbivory. 

 

Experimental Design 

Within each population, replicate resident plants (see Table 1 for initial sample 

sizes) were assigned randomly to treatment and control groups and marked for re-location 

purposes using flags and flagging tape tied loosely around the base of the main stem. In 

order to account for effects of natural variation in plant size prior to treatment, each 

individual in the treatment group was randomly paired with an individual from the 

control group that was of a similar height (i.e. <4cm difference; exceptions being Arctium 
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lappa and Lactuca biennis which had maximum differences of 12cm and 38cm, 

respectively, due to limited availability).  

Individuals in the treatment group had their main stem terminal apex (bud) — as 

well its first (or first pair of) visible subtending leaf (leaves) — removed to simulate local 

(apical) herbivore damage. All neighboring plants within a 25 cm radius around each 

individual (in both the treatment and control groups) were then cut at ground level in 

order to control for potential variation in shading effects from near neighbours. The initial 

height and number of leaves for each individual (in both the treatment and control 

groups) were also recorded before clipping (Table 2). 

For some species, additional (later) clipping events (using the same treatment 

protocol), with new individuals, were applied in order to test for effects (on the results) of 

variation in plant size (at the time of treatment), and effects of variation in growing-

season-time available for re-growth and reproduction (following treatment). In these 

cases, individuals from the same natural population were used. Inula helenium and 

Solidago rugosa had multiple treatment events applied in separate years. The former used 

the same site to conduct the experiment, while the latter did not. 

 Plants were harvested when flowering was finished and fruits were maturing and 

beginning to disperse seeds.  Individuals were clipped at ground level, placed in plastic 

bags, and stored in the lab at -4oC for subsequent processing.   
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Lab Processing  

Each harvested plant was processed to record counts for each meristem type, 

identified as follows: 

G (growth) meristem – indicated by an axillary branch extending from a main stem or 

from another branch; 

Iax (inactive, i.e. dormant) meristem – indicated by a leaf (or leaf scar) without any 

structure developing from its axillary bud; 

Rax (reproductive axillary) meristem – indicated by a lone flower/fruit (or flower/fruit 

cluster) immerging from an axillary bud; 

Rap (reproductive apical) meristem – indicated by a main stem or G meristem branch 

terminating in a flower/fruit (or flower/fruit cluster); 

Iap (inactive apical) meristem – indicated by a main stem or G meristem branch 

terminating in a leaf. 

Additionally, for each individual plant, number of fruits, number of flowers, and 

number of missing fruits (evident from peduncles) were counted. Following that, number 

of leaves adhering to the main stem, number of leaves adhering to any side branches, and 

number of missing leaves (evident from leaf scars) were also recorded. All intact leaves 

adhering to the main stem, all intact leaves adhering to any side branches, the main stem, 

the side branches, and all fruits were placed in separate paper bags, dried at 72oC for 

three days, and then weighed to record their dry mass values.  Any harvested plant that 

was found to have been depredated prior to harvesting was not processed.   
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Expected total leaf mass for each individual was estimated by averaging the dry 

mass of a leaf within a species and multiplying that number by the summed Iax, Rax, and 

G meristem counts for the individual (totaling the number of leaves the plant had 

produced during the experiment). Leafing intensity was then calculated by dividing the 

individual’s expected total number of leaves by its combined dry mass of the main stem 

and side branches. 

Potential fecundity for each harvested plant was estimated by counting the 

number of seeds in an individual mature fruit for each of five randomly selected fruits. 

This number was then multiplied by the summed number of collected fruits, counted 

flowers, and missing fruits for each individual. Fecundity per vegetative dry mass was 

then calculated by dividing potential fecundity by the summed dry masses of the main 

stem, side branches, and expected leaves. Fecundity per non-leaf vegetative dry mass was 

calculated by dividing potential fecundity by the summed dry masses of just the main 

stem and side branches. 

 Branching intensity was calculated by dividing the total number of axillary 

meristems committed to growth (branching) divided by the combined dry masses of the 

main stem and side branches.  

G (growth) meristem allocation was determined by the total number of axillary 

meristems committed to growth (branching) relative to the number of axillary meristems 

committed to reproduction or inactivity, i.e. 
𝐺

𝐼𝑎𝑥+𝑅𝑎𝑥
. 
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R (reproductive) meristem allocation was determined by the total number of 

reproductive meristems relative to the number of meristems committed to growth or 

inactivity, i.e. 
𝑅𝑎𝑥+𝑅𝑎𝑝

𝐺+𝐼𝑎𝑥+𝐼𝑎𝑝
. 

Total bud bank for each individual was determined by the combined total number 

of axillary meristems committed to growth, inactivity, or reproduction. 

 

Data Analyses 

For each dependent variable in each species population, the paired-sample 

differences in values under treatment versus control conditions were tested for normality 

using the Shapiro-Wilks Test, and were log-transformed, following the assumptions of 

the paired sample t-test.  While some variables did not meet the assumption of normality, 

analyses were retained due to the robust nature of the paired sample t-test  (Chris Eckert, 

Personal communication, January 31, 2020).  

For each population, the height and number of leaves present prior to initial 

clipping for both the treatment and control groups were compared using paired sample t-

tests (Table 2). 

Within each population, paired sample t-tests were performed to test for 

differences in functional traits between treatment and control groups. False Discovery 

Rate (FDR) testing was performed within each family of tests (i.e. within the fecundity-

related variables, biomass-related variable, and leafing-related variables) to account for 

the multiple comparison tests conducted. Families for FDR testing were assigned due to 

comparisons being interpreted within groups of related variables, and the main goal of the 
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study being to examine generalized responses and trends (as opposed to the individual 

response of each species).  

Simple linear regression analyses were used to examine between-species 

relationships for  mean single leaf mass, and for mean leafing intensity, versus relative 

mean values (under treatment versus control conditions) for fecundity, total bud bank, 

and dry mass respectively.  

All statistical analyses were performed using RStudio (Version 1.1.456). 
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Table 1. Summary of all species (n=19) included in the study, life histories, and family 

names. N of the control and treatment groups is given for the initial count at each 

clipping. The dates of treatment and harvest are also included. 

 

Scientific name Family Name 

Life 

History 

Initial N 

(control) 

Initial N 

(treatment) 

Clipping 

date(s) 

Harvest 

date 

Alliaria petiolata (Bieb.) Cavara 

& Grande. Brassicaceae Biennial 20 20 05/17/2018 06/19/2018 

Arctium lappa L. Asteraceae Biennial 12 12 06/21/2018 08/22/2018 

Asclepias syriaca L. Apocynaceae Perennial 20 20 05/29/2018 08/07/2018 

Aster umbellatus Miller. Asteraceae Perennial 

20 20 06/05/2018 10/15/2018 

10 10 06/25/2018 10/15/2018 

10 10 07/10/2018 10/15/2018 

Campanula rapunculoides L. Campanulaceae Perennial 10 10 05/31/2018 07/31/2018 

Centaurea jacea L. Asteraceae Perennial 20 20 06/01/2018 08/07/2018 

Circaea lutetiana L. Onagraceae Perennial 

20 20 05/31/2018 07/20/2018 

10 10 06/19/2018 07/20/2018 

Erigeron annuus (L.) Pers. Asteraceae Annual 20 20 06/07/2018 07/18/2018 

Euthamia graminifolia (L.) Nutt. Asteraceae Perennial 20 20 07/14/2019 10/01/2019 

Geum aleppicum Jacq. Rosaceae Perennial 10 10 06/19/2017 08/08/2017 

Helianthus tuberosus L. Asteraceae Perennial 

20 20 05/31/2018 09/26/2018 

10 10 06/19/2018 09/26/2018 

15 15 07/13/2018 09/26/2018 

Inula helenium L. Asteraceae Perennial 

30 30 07/09/2017 08/23/2017 

20 20 06/15/2018 08/22/2018 

10 10 06/21/2018 08/22/2018 

10 10 06/26/2018 08/22/2018 

Lactuca biennis (Moench) Fern. Asteraceae Biennial 39 39 06/20/2017 08/25/2017 

Leonurus cardiaca L. Lamiaceae Perennial 

20 20 

05/18/2018 

(Bracken) 07/18/2018 

20 20 

05/31/2018 

(Verona) 07/16/2018 

Satureja vulgaris (L.) Fritsch. Lamiaceae Perennial 20 20 05/28/2018 07/18/2018 

Solidago caesia L. Asteraceae Perennial 

20 20 05/31/2018 09/26/2018 

10 10 06/19/2018 09/26/2018 

Solidago gigantea Aiton. Asteraceae Perennial 

20 20 05/23/2018 09/20/2018 

10 10 06/25/2018 09/20/2018 

Solidago rugosa Miller. Asteraceae Perennial 

20 20 06/26/2017 10/02/2017 

20 20 07/14/2019 10/01/2019 

Urtica dioica L. Urticaceae Perennial 

20 20 05/17/2018 07/31/2018 

10 10 06/21/2018 07/31/2018 
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Table 2. Summary of paired t-tests between initial heights and initial number of leaves 

for both treatment and control groups of each species clipping and population (n=32). 

Mean height and number of leaves values were taken separately for each group and 

compared with standard error also reported. t and associated p-values are from a paired 

sample t-test. p-values below 0.05 are bolded. 

Species 

Mean Initial Height (cm) 

t p 

Mean Initial Leaves 

t p Treatment Control Treatment Control 

Alliaria petiolata  39.7 ± 1.1 39.1 ± 1.1 -1.547 0.139 10.4 ± 0.4 10.7 ± 0.4 0.569 0.576 

Arctium lappa 87.6 ± 6.4 86.3 ± 6.9 -1.123 0.285 12.3 ± 0.7 12.0 ± 0.9 -0.285 0.781 

Asclepias syriaca 36.4 ± 1.1 35.8 ± 0.8 -0.717 0.482 12.9 ± 0.3 13.1 ± 0.4 0.174 0.864 

Aster umbellatus (Clip 1) 71.8 ± 2.8 69.1 ± 4.4 -0.967 0.346 39.7 ± 2.8 39.7 ± 3.0 -0.276 0.786 

Aster umbellatus (Clip 2) 121.5 ± 3.4 122.3 ± 3.2 0.862 0.411 55.9 ± 1.9 56.3 ± 2.0 0.134 0.896 

Aster umbellatus (Clip 3) 137.8 ± 3.1 138.5 ± 3.6 0.441 0.670 53.6 ± 2.7 59.8 ± 1.7 2.957 0.016 

Campanula rapunculoides 32.5 ± 1.5 32.9 ± 1.6 0.744 0.476 8.4 ± 0.7 9.6 ± 0.8 4.895 <0.001 

Centaurea jacea 36.8 ± 2.0 36.7 ± 2.0 -0.044 0.965 9.1 ± 0.8 8.9 ± 0.7 -0.300 0.767 

Circaea lutetiana (Clip 1) 25.4 ± 0.9 24.9 ± 1.0 -1.106 0.283 8.4 ± 0.3 8.8 ± 0.3 1.710 0.104 

Circaea lutetiana (Clip 2) 35.9 ± 7.7 36.1 ± 7.3 0.185 0.858 18.8 ± 13.4 17.5 ± 18.6 -0.929 0.377 

Erigeron annuus 58.2 ± 2.1 57.8 ± 2.1 -0.686 0.501 23.3 ± 1.0 22.1 ± 1.1 -2.010 0.059 

Euthamia graminifolia  32.6 ± 1.5 32.1 ± 1.4 -1.118 0.278 28.2 ± 1.9 27.7 ± 2.2 -0.387 0.703 

Geum aleppicum 37.9 ± 0.8 37.6 ± 2.1 -0.387 0.708 8.1 ± 0.4 7.9 ± 0.4 -0.253 0.806 

Helianthus tuberosus (Clip 1) 48.9 ± 1.5 49.3 ± 3.6 0.746 0.465 9.6 ± 0.2 10.0 ± 0.3 1.674 0.111 

Helianthus tuberosus (Clip 2) 95.2 ± 3.8 93.3 ± 7.7 -1.488 0.171 13.0 ± 0.9 14.2 ± 0.8 1.702 0.123 

Helianthus tuberosus (Clip 3) 124.7 ± 3.0 124.9 ± 3.7 -0.113 0.912 16.4 ± 0.5 20.9 ± 0.5 7.301 <0.001 

Inula helenium (2017) 114.9 ± 2.2 112.8 ± 2.5 -3.125 0.004 10.7 ± 0.3 10.5 ± 0.3 -1.038 0.308 

Inula helenium (2018) (Clip 1) 49.0 ± 1.5 50.6 ± 1.7 1.627 0.120 4.5 ± 0.1 4.4 ± 0.1 -1.143 0.267 

Inula helenium (2018) (Clip 2) 77.4 ± 3.2 79.2 ± 2.8 1.121 0.292 6.9 ± 0.4 6.9 ± 0.3 0.096 0.926 

Inula helenium (2018) (Clip 3) 97.8 ± 2.7 98.8 ± 3.1 0.594 0.567 9.8 ± 0.3 9.8 ± 0.4 -0.055 0.957 

Lactuca biennis 111.4 ± 7.1 108.7 ± 7.0 -0.514 0.612 14.4 ± 1.0 13.6 ± 0.9 -1.108 0.277 

Leonurus cardiaca (QUBS) 31.2 ± 1.4 31.6 ± 1.6 0.316 0.755 28.3 ± 2.9 33.3 ± 3.6 1.647 0.116 

Leonurus cardiaca (Verona) 52.8 ± 2.1 50.6 ± 2.4 -2.713 0.014 14.8 ± 0.6 14.8 ± 0.7 -0.118 0.907 

Satureja vulgaris 20.7 ± 1.1 20.4 ± 0.9 -0.696 0.495 13.5 ± 0.6 13.1 ± 1.0 -0.864 0.398 

Solidago caesia (Clip 1) 35.4 ± 1.8   36.5 ± 1.7 1.712 0.103 18.1 ± 1.6 19.1 ± 1.1 2.222 0.039 

Solidago caesia (Clip 2) 63.2 ± 1.4 62.1 ± 1.3 -1.324 0.218 26.4 ± 1.2 27.3 ± 1.4 0.634 0.542 

Solidago gigantea (Clip 1) 28.1 ± 1.0 27.3 ± 0.9 -1.176 0.254 18.9 ± 1.3 19.4 ± 0.8 0.723 0.479 

Solidago gigantea (Clip 2) 79.8 ± 3.2 80.9 ± 2.9 1.136 0.285 53.5 ± 4.2 55.2 ± 2.4 0.791 0.449 

Solidago rugosa (2017) 60.9 ± 1.4 59.5 ± 1.4 -2.134 0.046 31.2 ± 1.0 30.9 ± 1.1 -0.293 0.773 

Solidago rugosa (2019) 48.8 ± 2.0 48.5 ± 2.3 -1.191 0.248 38.8 ± 2.5 40.0 ± 2.6 0.870 0.395 

Urtica dioica (Clip 1) 36.4 ± 1.6 35.9 ± 1.4 -0.791 0.439 15.5 ± 0.4 15.5 ± 0.6 0.286 0.778 

Urtica dioica (Clip 2) 102.2 ± 2.3 100.7 ± 2.6 -2.553 0.031 30.4 ± 3.0 30.3 ± 1.7 0.203 0.844 
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CHAPTER 3: 

RESULTS 

Within Species Analyses 

Alliara petiolata. Clipping resulted in higher mean G meristem allocation (Fig. 2e; p < 

0.0001), branching intensity (Fig. 2f; p < 0.0001), and single leaf mass (Fig. 2g; p = 

0.0026), but a smaller mean leafing intensity (Fig. 2h; p = 0.0344). The remaining traits 

were not significantly affected (p > 0.1) by the clipping treatment (Fig. 2). Following 

FDR testing, all significant relationships remained with the exception of mean leafing 

intensity (pFDR = 0.1321). 

 Arctium lappa. Clipping resulted in smaller mean R meristem allocation (Fig. 3b; p = 

0.0402) and fecundity per vegetative mass (Fig. 3c; p = 0.0170). The remaining traits 

were not significantly affected (p > 0.1) by the clipping treatment (Fig. 3). Following 

FDR testing, only mean fecundity per vegetative mass remained smaller but at pFDR = 

0.0604. 

Asclepias syriaca. Clipping resulted in higher mean leafing intensity (Fig. 4h; p = 

0.0005), but smaller mean fecundity (Fig. 4a; p = 0.0042), R meristem allocation (Fig. 

4b; p = 0.0008), fecundity per vegetative mass (Fig. 4c; p = 0.0004), and G meristem 

allocation (Fig. 3e; p = 0.0020).  The remaining traits were not significantly affected (p > 

0.1) by the clipping treatment (Fig. 4). Following FDR testing, all significant 

relationships remained. 
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Aster umbellatus. Clipping resulted in higher mean single leaf mass (Fig. 5g; p = 0.0188) 

and leafing intensity (Fig. 5h; p = 0.0020), but smaller mean R meristem allocation (Fig. 

5b; p = 0.0312), fecundity per vegetative mass (Fig. 5c; p = 0.0155), and G meristem 

allocation (Fig. 5e; p = 0.0203). The remaining traits were not significantly affected (p > 

0.1) by the clipping treatment (Fig. 5). Following FDR testing, mean leafing intensity 

remained significant (pFDR = 0.0213). Mean single leaf mass remained higher but only at 

pFDR = 0.0820. Mean R meristem allocation, fecundity per vegetative mass, and G 

meristem allocation also remained smaller but only at pFDR =  0.0966,  pFDR = 0.0572, and 

pFDR = 0.0946, respectively. 

 In the second treatment population, clipping resulted in smaller mean fecundity 

per vegetative mass (Fig. 6c; p = 0.0055) and G meristem allocation (Fig. 6e; p = 

0.0293). Mean R meristem allocation was smaller in the clipped treatment versus the 

control group, but only at p = 0.0818 (Fig. 6b). The remaining traits were not 

significantly affected (p > 0.1) by the clipping treatment (Fig. 6). Following FDR testing, 

only mean fecundity per vegetative mass remained significant (pFDR = 0.0278). 

 In the third treatment population, mean fecundity per vegetative mass was smaller 

in the clipped treatment versus the control group, but only at p = 0.0709 (Fig. 7c). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

7). Following FDR testing, no significant relationships remained. 

Campanula rapunculoides. Clipping resulted in smaller mean fecundity (Fig. 8a; p = 

0.0125), R meristem allocation (Fig. 8b; p = 0.0138), fecundity per vegetative mass (Fig. 

8c; p = 0.0093), G meristem allocation (Fig. 8e; p = 0.0298), branching intensity (Fig. 8f; 
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p = 0.0189), leafing intensity (Fig. 7h; p = 0.0034), and total bud bank (Fig. 8i; p = 

0.0033). The remaining traits were not significantly affected (p > 0.1) by the clipping 

treatment (Fig. 8). Following FDR testing, mean fecundity per vegetative mass (pFDR = 

0.0446), leafing intensity (pFDR = 0.0272), and total bud bank (pFDR = 0.0272) remained 

smaller. Mean fecundity, R meristem allocation, and branching intensity also remained 

smaller but only at pFDR = 0.0522, pFDR = 0.0552, and pFDR = 0.0946, respectively. 

Centaurea jacea. Clipping resulted in smaller mean fecundity (Fig. 9a; p = 0.0013), 

fecundity per vegetative mass (Fig. 9c; p = 0.0103), and total bud bank (Fig. 9i; p = 

0.0066). The remaining traits were not significantly affected (p > 0.1) by the clipping 

treatment (Fig. 9). Following FDR testing, all significant relationships remained. 

Circaea lutetiana. In the first treatment population, clipping resulted in higher mean 

single leaf mass (Fig. 10g; p = 0.0303), but smaller mean fecundity per vegetative mass 

(Fig. 10c; p = 0.0491). Mean fecundity was smaller in the clipped treatment versus the 

control group, but only at p = 0.0619 (Fig. 10a). Mean branching intensity and mean 

leafing intensity were higher in the clipped treatment versus the control group, but only at 

p = 0.0697 (Fig. 10f) and p = 0.0713 (Fig. 10h), respectively. The remaining traits were 

not significantly affected (p > 0.1) by the clipping treatment (Fig. 10). Following FDR 

testing, no significant relationships remained. 

 In the second treatment population, none of the traits were significantly affected 

(p > 0.1) by the clipping treatment (Fig. 11). 

Erigeron annuus. Clipping resulted in higher mean total dry mass (Fig. 12d; p = 0.0282) 

and single leaf mass (Fig. 12g; p = 0.0001), but smaller mean R meristem allocation (Fig. 
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12b; p = 0.0369). The remaining traits were not significantly affected (p > 0.1) by the 

clipping treatment (Fig. 12). Following FDR testing, only mean single leaf mass 

remained higher (pFDR = 0.0024). 

Euthamia graminifolia. Mean R meristem allocation was smaller in the clipped treatment 

versus the control group, but only at p = 0.0945 (Fig. 13b). Mean single leaf mass was 

higher in the clipped treatment versus the control group, but only at p = 0.0888 (Fig. 

13g). The remaining traits were not significantly affected (p > 0.1) by the clipping 

treatment (Fig. 13). Following FDR testing, no significant relationships remained. 

Geum aleppicum. Clipping resulted in higher mean G meristem allocation (Fig. 14e; p = 

0.0044). The remaining traits were not significantly affected (p > 0.1) by the clipping 

treatment (Fig. 14). Following FDR testing, all significant relationships remained. 

Helianthus tuberosus. In the first treatment population, clipping resulted in higher mean 

G meristem allocation (Fig. 15e; p = 0.0001), branching intensity (Fig. 15f; p < 0.0001), 

and total bud bank (Fig. 15i; p = 0.0445), but smaller mean fecundity (Fig. 15a; p = 

0.0016), R meristem allocation (Fig. 15b; p = 0.0047), and fecundity per vegetative mass 

(Fig. 15c; p = 0.0017). The remaining traits were not significantly affected (p > 0.1) by 

the clipping treatment (Fig. 15). Following FDR testing, only mean total bud bank did not 

remain significant (pFDR = 0.1643). 

 In the second treatment population, clipping resulted in higher mean G meristem 

allocation (Fig. 16e; p = 0.0246), branching intensity (Fig. 16f; p < 0.0001), and total bud 

bank (Fig. 16i; p = 0.0489), but smaller mean fecundity (Fig. 16a; p = 0.0384) and 

fecundity per vegetative mass (Fig. 16c; p = 0.0405). Mean leafing intensity was higher 
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in the clipped treatment versus the control group, but only at P = 0.0777 (Fig. 16h). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

16). Following FDR testing, mean branching intensity remained higher (pFDR = 0.0003), 

as did G meristem allocation but only at pFDR = 0.0984. 

 In the third treatment population, clipping resulted in higher mean total dry mass 

(Fig. 17d; p = 0.0105), G meristem allocation (Fig. 17e; p = 0.0222), branching intensity 

(Fig. 17f; p = 0.0017), single leaf mass (Fig. 17g; p = 0.0007), leafing intensity (Fig. 17h; 

p < 0.0001), and total bud bank (Fig. 17i; p < 0.0001), but smaller mean fecundity (Fig. 

17; p = 0.0001), R meristem allocation (Fig. 17b; p < 0.0001), and fecundity per 

vegetative mass (Fig. 17c; p < 0.0001). Following FDR testing, all relationships remained 

significant; however, mean total dry mass and G meristem allocation only at pFDR = 

0.0629 and pFDR = 0.0969, respectively. 

Inula helenium. In the 2017 treatment population, clipping resulted in higher mean G 

meristem allocation (Fig. 18e; p = 0.0014), branching intensity (Fig. 18f; p = 0.0001), 

leafing intensity (Fig. 18h; p = 0.0479), and total bud bank (Fig. 18i; p = 0.0103). Mean 

R meristem allocation was smaller in the clipped treatment versus the control group, but 

only at p = 0.0646 (Fig. 18b). The remaining traits were not significantly affected (p > 

0.1) by the clipping treatment (Fig. 18). Following FDR testing, all significant 

relationships remained except mean leafing intensity (pFDR = 0.1677) and R meristem 

allocation (pFDR = 0.1513). 

 In the first 2018 treatment population, clipping resulted in smaller mean fecundity 

(Fig. 19a; p = 0.0148), R meristem allocation (Fig. 19b; p = 0.0006), fecundity per 
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vegetative mass (Fig. 19c; p = 0.0034), and total bud bank (Fig. 19i; p = 0.0004). Mean G 

meristem allocation was smaller in the clipped treatment versus the control group, but 

only at p = 0.0927 (Fig. 19e). The remaining traits were not significantly affected (p > 

0.1) by the clipping treatment (Fig. 19). Following FDR testing, all significant 

relationships remained except G meristem allocation (pFDR = 0.2592). However mean 

fecundity remained smaller only at pFDR = 0.0568. 

 In the second 2018 treatment population, mean single leaf mass was higher in the 

clipped treatment versus the control group, but only at p = 0.0507 (Fig. 20g). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

20). Following FDR testing, no significant relationships remained. 

 In the third 2018 treatment population, clipping resulted in higher mean single 

leaf mass (Fig. 21g; p = 0.0263), but smaller mean fecundity per vegetative mass (Fig. 

21c; p = 0.0025). The remaining traits were not significantly affected (p > 0.1) by the 

clipping treatment (Fig. 21). Following FDR testing, only mean fecundity per vegetative 

mass remained smaller (pFDR = 0.0185). 

Lactuca biennis. Clipping resulted in higher mean total dry mass (Fig. 22d; p = 0.0014) 

and single leaf mass (Fig. 22g; p = 0.0002). The remaining traits were not significantly 

affected (p > 0.1) by the clipping treatment (Fig. 22). Following FDR testing, all 

significant relationships remained. 

Leonurus cardiaca. In the QUBS treatment population, clipping resulted in higher mean 

G meristem allocation (Fig. 23e; p = 0.0015) and single leaf mass (Fig. 23g; p = 0.0046), 

but smaller mean fecundity per vegetative mass (Fig. 23c; p = 0.0044). Mean branching 
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intensity was higher in the clipped treatment versus the control group, but only at p = 

0.0917 (Fig. 23f). The remaining traits were not significantly affected (p > 0.1) by the 

clipping treatment (Fig. 23). Following FDR testing, only mean branching intensity did 

not remain significant (pFDR = 0.2592). 

 In the Verona treatment population, clipping resulted in higher mean total dry 

mass (Fig. 24d; p = 0.0011) and single leaf mass (Fig. 24g; p < 0.0001), but smaller mean 

fecundity per vegetative mass (Fig. 24c; p < 0.0001). The remaining traits were not 

significantly affected (p > 0.1) by the clipping treatment (Fig. 24). Following FDR 

testing, all relationships remained significant. 

Satureja vulgaris. None of the traits were significantly affected (p > 0.1) by the clipping 

treatment (Fig. 25). 

Solidago caesia. In the first treatment population, clipping resulted in smaller mean 

fecundity (Fig. 26a; p = 0.0328), R meristem allocation (Fig. 26b; p = 0.0180), and 

fecundity per vegetative mass (Fig. 26c; p = 0.0384). Mean total dry mass (Fig. 26d; p = 

0.0514), single leaf mass (Fig. 26g; p = 0.0689), and total bud bank (Fig. 26i; p = 0.0599) 

were smaller in the clipped treatment versus the control groups, but were slightly above 

the threshold of p = 0.05. The remaining traits were not significantly affected (p > 0.1) by 

the clipping treatment (Fig. 26). Following FDR testing, mean fecundity and R meristem 

allocation remained smaller, but only at pFDR = 0.0984 and pFDR = 0.0617, respectively. 

 In the second treatment population, clipping resulted in smaller mean total bud 

bank (Fig. 27i; p = 0.0046). Mean G meristem allocation (Fig. 27e) and branching 

intensity (Fig. 27f) were higher in the clipped treatment versus the control group, but only 
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at p = 0.0944 and p = 0.0945, respectively. The remaining traits were not significantly 

affected (p > 0.1) by the clipping treatment (Fig. 27). Following FDR testing, only mean 

total bud bank (pFDR = 0.0306) remained significant. 

Solidago gigantea. In the first treatment population, clipping resulted in smaller mean R 

meristem allocation (Fig. 28b; p = 0.0257), total dry mass (Fig. 28d; p = 0.0118), 

branching intensity (Fig. 28f; p = 0.0076), single leaf mass (Fig. 28g; p = 0.0137), leafing 

intensity (Fig. 28h; p = 0.0051), and total bud bank (Fig. 28i; p = 0.0004). Mean 

fecundity and G meristem allocation were smaller in the clipped treatment versus the 

control group, but only at p = 0. 0560 (Fig. 28a) and p = 0. 0897 (Fig. 28e), respectively. 

The remaining trait was not significantly affected (p > 0.1) by the clipping treatment (Fig. 

28). Following FDR testing, only mean fecundity (pFDR =  0.1378) and G meristem 

allocation (pFDR = 0.2592) were no longer significant. However, mean R meristem 

allocation, total dry mass, and single leaf mass remained smaller only at pFDR = 0.0822, 

pFDR = 0.0629, and pFDR = 0.0626, respectively.  

 In the second treatment population, clipping resulted in smaller mean fecundity 

per vegetative mass (p = 0.0203; Fig. 29c). Mean leafing intensity was smaller in the 

clipped treatment versus the control group, but only at p = 0.0696 (Fig. 29h). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

29). Following FDR testing, mean fecundity per vegetative mass remained significant but 

only at pFDR = 0.0672. 

Solidago rugosa. In the 2017 treatment population, clipping resulted in higher mean G 

meristem allocation (Fig. 30e; p = 0.0307) and branching intensity (Fig. 30f; p = 0.0050). 
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Mean leafing intensity was higher in the clipped treatment versus the control group, but 

only at p = 0.0670 (Fig. 30h). The remaining traits were not significantly affected (p > 

0.1) by the clipping treatment (Fig. 30). Following FDR testing, only mean branching 

intensity (pFDR = 0.0343) remained significant. 

 In the 2019 treatment population, clipping resulted in higher mean total dry mass 

(Fig. 31d; p = 0.0241) and single leaf mass (Fig. 31g; p = 0.0078), but smaller mean R 

meristem allocation (Fig. 31b; p = 0.0104). The remaining traits were not significantly 

affected (p > 0.1) by the clipping treatment (Fig. 31). Following FDR testing, all 

relationships remained significant; however, mean total dry mass remained higher only at 

pFDR = 0.0984. 

Urtica dioica. In the first treatment population, clipping resulted in smaller mean 

fecundity (Fig. 32a; p = 0.0021), R meristem allocation (Fig. 32b; p = 0.0027), fecundity 

per vegetative mass (Fig. 32c; p = 0.0010), G meristem allocation (Fig. 32e; p = 0.0114), 

branching intensity (Fig. 32f; p = 0.0207), and total bud bank (Fig. 32i; p = 0.0081). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

32). Following FDR testing, all significant relationships remained; however, mean G 

meristem allocation and branching intensity remained smaller only at pFDR = 0.0629 and 

pFDR = 0.0969, respectively. 

 In the second treatment population, mean single leaf mass was higher in the 

clipped treatment versus the control group, but only at p = 0.0953 (Fig. 33g). The 

remaining traits were not significantly affected (p > 0.1) by the clipping treatment (Fig. 

33). Following FDR testing, no significant relationships remained. 
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Between Species Analyses 

No significant trends were found in simple linear regressions between relationships of 

mean single leaf mass with the calculated quotients of fecundity (Fig. 34a; p = 0.7725), 

bud bank (Fig. 34b; p = 0.1453), and dry mass (Fig. 34c; p = 0.1068) across the different 

species populations. Furthermore, there were no significant trends detected in the simple 

linear regressions produced between leafing intensity and fecundity (Fig. 34d; p = 0. 

7692), bud bank (Fig. 34e; p = 0.1910), and dry mass (Fig. 34d; p = 0.6946) quotients. 

Quotient values of 1.0 indicate a compensatory response, higher than 1.0, indicate an 

over-compensatory response, and lower that 1.0 indicate an under-compensatory 

response. 

List of Figures 

Figure 2.  Comparison of functional traits for treatment (n=20) versus control (n=20) 

plants from a natural population of Alliaria petiolata harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 
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number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively.  Small black points indicate the outliers in the data.  

Dotted lines indicate mean values and solid lines indicate medians. The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values are 

from paired-sample t-tests.  Bolded p-values are those which remained under a threshold 

of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 3. Comparison of functional traits for treatment (n=11) verses control (n=11) 

plants from a natural population of Arctium lappa harvested when flowering had finished 

and fruits were mature.  The treatment group had the apical (terminal) bud clipped from 

the main stem early in the growing season and the control group remained unclipped.  

Leafing intensity represents the estimated (expected) total number of leaves divided by 

the combined dry mass of the main stem and all side branches.  Branching intensity 

represents the total number of axillary meristems committed to growth (branching) 

divided by the combined dry masses of the main stem and all side branches.  G (growth) 

meristem allocation represents the total number of axillary meristems committed to 

growth (branching) relative to the number of axillary meristems committed to 

reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 
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growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively. Small black points indicate the outliers in the data.  

Dotted lines indicate mean values and solid lines indicate medians. The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values are 

from paired-sample t-tests.   Bolded p-values are those which remained under a threshold 

of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 4. Comparison of functional traits for treatment (n=18) verses control (n=18) 

plants from a natural population of Asclepias syriaca harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 
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meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively. Small black points indicate the outliers in the data.  

Dotted lines indicate mean values and solid lines indicate medians. The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values are 

from paired-sample t-tests.  Bolded p-values are those which remained under a threshold 

of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 5. Comparison of functional traits for treatment (n=20) verses control (n=20) 

plants from a natural population of population of Aster umbellatus (clipping 1) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  
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Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians. The lower and upper boundaries of each box indicates the 1st and  3rd quartile. t- 

and associated P-values are from paired-sample t-tests.  Bolded p-values are those which 

remained under a threshold of 0.05 following FDR testing.  Functional trait values were 

logged to address the assumption of normality.   

Figure 6. Comparison of functional traits for treatment (n=10) verses control (n=10) 

plants from a natural population of population of Aster umbellatus (clipping 2) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 
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visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians. The lower and upper boundaries of each box indicates the 1st and  3rd quartile. t- 

and associated P-values are from paired-sample t-tests.  Bolded p-values are those which 

remained under a threshold of 0.05 following FDR testing.  Functional trait values were 

logged to address the assumption of normality.   

Figure 7. Comparison of functional traits for treatment (n=8) verses control (n=8) plants 

from a natural population of population of Aster umbellatus (clipping 3) harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 
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the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians. The lower and upper boundaries of each box indicates the 1st and  3rd quartile. t- 

and associated P-values are from paired-sample t-tests.  Bolded p-values are those which 

remained under a threshold of 0.05 following FDR testing.  Functional trait values were 

logged to address the assumption of normality.   

Figure 8. Comparison of functional traits for treatment (n=7) verses control (n=7) plants 

from a natural population of Campanula rapunculoides harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively.  Small black points indicate the outliers in the data.  
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Dotted lines indicate mean values and solid lines indicate medians. The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values are 

from paired-sample t-tests.  Bolded p-values are those which remained under a threshold 

of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 9. Comparison of functional traits for treatment (n=16) verses control (n=16) 

plants from a natural population of Centaurea jacea harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 
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upper boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 

threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 10. Comparison of functional traits for treatment (n=17) verses control (n=17) 

plants from a natural population of population of Circaea lutetiana (clipping 1) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians. The lower and upper boundaries of each box indicates the 1st and  3rd quartile. t- 
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and associated P-values are from paired-sample t-tests.  Bolded p-values are those which 

remained under a threshold of 0.05 following FDR testing.  Functional trait values were 

logged to address the assumption of normality.   

Figure 11. Comparison of functional traits for treatment (n=8) verses control (n=8) plants 

from a natural population of population of Circaea lutetiana (clipping 2) harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 12. Comparison of functional traits for treatment (n=18) verses control (n=18) 

plants from a natural population of Erigeron annuus harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 13. Comparison of functional traits for treatment (n=12) verses control (n=12) 

plants from a natural population of Euthamia graminifolia harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians. The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 14. Comparison of functional traits for treatment (n=10) verses control (n=10) 

plants from a natural population of Geum aleppicum harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively.  Small black points indicate the outliers in the data.  

Dotted lines indicate mean values and solid lines indicate medians.  The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile. t- and associated P-values are 

from paired-sample t-tests.  Bolded p-values are those which remained under a threshold 
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of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 15. Comparison of functional traits for treatment (n=20) verses control (n=20) 

plants from a natural population of population of Helianthus tuberosus (clipping 1) 

harvested when flowering had finished and fruits were mature.  The treatment group had 

the apical (terminal) bud clipped from the main stem early in the growing season and the 

control group remained unclipped.  Leafing intensity represents the estimated (expected) 

total number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 16. Comparison of functional traits for treatment (n=9) verses control (n=9) plants 

from a natural population of population of Helianthus tuberosus (clipping 2) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 17. Comparison of functional traits for treatment (n=15) verses control (n=15) 

plants from a natural population of population of Helianthus tuberosus (clipping 3) 

harvested when flowering had finished and fruits were mature.  The treatment group had 

the apical (terminal) bud clipped from the main stem early in the growing season and the 

control group remained unclipped.  Leafing intensity represents the estimated (expected) 

total number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 18. Comparison of functional traits for treatment (n=30) verses control (n=30) 

plants from the 2017 natural population of population of Inula helenium harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 19. Comparison of functional traits for treatment (n=18) verses control (n=18) 

plants from the 2018 natural population of population of Inula helenium (clipping 1) 

harvested when flowering had finished and fruits were mature.  The treatment group had 

the apical (terminal) bud clipped from the main stem early in the growing season and the 

control group remained unclipped.  Leafing intensity represents the estimated (expected) 

total number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 20. Comparison of functional traits for treatment (n=9) verses control (n=9) plants 

from the 2018 natural population of population of Inula helenium (clipping 2) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile. 

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 21. Comparison of functional traits for treatment (n=9) verses control (n=9) plants 

from the 2018 natural population of population of Inula helenium (clipping 3) harvested 

when flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile.  

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 22. Comparison of functional traits for treatment (n=20) verses control (n=20) 

plants from a natural population of Lactuca biennis harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 23. Comparison of functional traits for treatment (n=20) verses control (n=20) 

plants from the QUBS natural population of Leonurus cardiaca harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points. The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile.  

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 24. Comparison of functional traits for treatment (n=16) verses control (n=16) 

plants from the Verona natural population of Leonurus cardiaca harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile.  

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 25. Comparison of functional traits for treatment (n=8) verses control (n=8) plants 

from a natural population of Satureja vulgaris harvested when flowering had finished and 

fruits were mature.  The treatment group had the apical (terminal) bud clipped from the 

main stem early in the growing season and the control group remained unclipped.  

Leafing intensity represents the estimated (expected) total number of leaves divided by 

the combined dry mass of the main stem and all side branches.  Branching intensity 

represents the total number of axillary meristems committed to growth (branching) 

divided by the combined dry masses of the main stem and all side branches.  G (growth) 

meristem allocation represents the total number of axillary meristems committed to 

growth (branching) relative to the number of axillary meristems committed to 

reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 26. Comparison of functional traits for treatment (n=7) verses control (n=7) plants 

from a natural population of Solidago caesia (clipping 1) harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points. The upper and lower whiskers of the boxplot indicate the maximum and minimum 

non-outlier values, respectively.  Small black points indicate the outliers in the data.  

Dotted lines indicate mean values and solid lines indicate medians.  The lower and upper 

boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values are 

from paired-sample t-tests.  Bolded p-values are those which remained under a threshold 
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of 0.05 following FDR testing.  Functional trait values were logged to address the 

assumption of normality.   

Figure 27. Comparison of functional traits for treatment (n=9) verses control (n=9) plants 

from a natural population of Solidago caesia (clipping 2) harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 28. Comparison of functional traits for treatment (n=16) verses control (n=16) 

plants from a natural population of Solidago gigantea (clipping 1) harvested when 

flowering had finished and fruits were mature.  The treatment group had the apical 

(terminal) bud clipped from the main stem early in the growing season and the control 

group remained unclipped.  Leafing intensity represents the estimated (expected) total 

number of leaves divided by the combined dry mass of the main stem and all side 

branches.  Branching intensity represents the total number of axillary meristems 

committed to growth (branching) divided by the combined dry masses of the main stem 

and all side branches.  G (growth) meristem allocation represents the total number of 

axillary meristems committed to growth (branching) relative to the number of axillary 

meristems committed to reproduction or inactivity.  R (reproductive) meristem allocation 

represents the total number of reproductive meristems relative to the number of 

meristems committed to growth or inactivity.  Total bud bank represents the combined 

total number of axillary meristems committed to growth, inactivity, and reproduction.  

Each point represents a single individual and transparency was set as 0.5 in order to 

visualize overlap between points.  The upper and lower whiskers of the boxplot indicate 

the maximum and minimum non-outlier values, respectively.  Small black points indicate 

the outliers in the data.  Dotted lines indicate mean values and solid lines indicate 

medians.  The lower and upper boundaries of each box indicates the 1st and  3rd quartile.  

t- and associated P-values are from paired-sample t-tests.  Bolded p-values are those 
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which remained under a threshold of 0.05 following FDR testing.  Functional trait values 

were logged to address the assumption of normality.   

Figure 29. Comparison of functional traits for treatment (n=6) verses control (n=6) plants 

from a natural population of Solidago gigantea (clipping 2) harvested when flowering 

had finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 30. Comparison of functional traits for treatment (n=20) verses control (n=20) 

plants from the 2017 natural population of Solidago rugosa harvested when flowering 

had finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 



    59 

threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 31. Comparison of functional traits for treatment (n=15) verses control (n=15) 

plants from the 2019 natural population of Solidago rugosa harvested when flowering 

had finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 32. Comparison of functional traits for treatment (n=17) verses control (n=17) 

plants from a natural population of Urtica dioica (clipping 1) harvested when flowering 

had finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 



    61 

threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 33. Comparison of functional traits for treatment (n=8) verses control (n=8) plants 

from a natural population of Urtica dioica (clipping 2) harvested when flowering had 

finished and fruits were mature.  The treatment group had the apical (terminal) bud 

clipped from the main stem early in the growing season and the control group remained 

unclipped.  Leafing intensity represents the estimated (expected) total number of leaves 

divided by the combined dry mass of the main stem and all side branches.  Branching 

intensity represents the total number of axillary meristems committed to growth 

(branching) divided by the combined dry masses of the main stem and all side branches.  

G (growth) meristem allocation represents the total number of axillary meristems 

committed to growth (branching) relative to the number of axillary meristems committed 

to reproduction or inactivity.  R (reproductive) meristem allocation represents the total 

number of reproductive meristems relative to the number of meristems committed to 

growth or inactivity.  Total bud bank represents the combined total number of axillary 

meristems committed to growth, inactivity, and reproduction.  Each point represents a 

single individual and transparency was set as 0.5 in order to visualize overlap between 

points.  The upper and lower whiskers of the boxplot indicate the maximum and 

minimum non-outlier values, respectively.  Small black points indicate the outliers in the 

data.  Dotted lines indicate mean values and solid lines indicate medians.  The lower and 

upper boundaries of each box indicates the 1st and  3rd quartile.  t- and associated P-values 

are from paired-sample t-tests.  Bolded p-values are those which remained under a 
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threshold of 0.05 following FDR testing.  Functional trait values were logged to address 

the assumption of normality.   

Figure 34. Between-species (n=21) relationships for mean single leaf mass (a, b, c), and 

for mean leafing intensity (d, e, f) versus relative mean values (under treatment (T) versus 

control (C) conditions) for fecundity (a, d), total bud bank (b, e), and dry mass (c, f) 

respectively.  Dashed line indicates where relative values (T/C quotients) would equal 1.0 

(i.e. a compensatory response to clipping treatment).  Values less than 1.0 indicate under-

compensation and values greater than 1.0 indicate overcompensation.  Species with 

values significantly different (P<0.05) for treated (clipped) versus control plants are 

indicated by red asterisks.  Species that were clipped multiple are represented by results 

from the first clipping only. r2 and associated P-values are from Type I linear regression. 

Mean single leaf mass and mean leafing intensity values were log-transformed to address 

the assumption of normality.  
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Figure 2. Alliaria petiolata 
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 Figure 3. Arctium lappa 
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Figure 4. Asclepias syriaca 
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Figure 5. Aster umbellatus (Clipping 1) 
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 Figure 6. Aster umbellatus (Clipping 2) 
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 Figure 7. Aster umbellatus (Clipping 3) 
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Figure 8. Campanula rapunculoides 
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Figure 9. Centaurea jacea 
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Figure 10. Circaea lutetiana (Clipping 1) 
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Figure 11. Circaea lutetiana (Clipping 2) 
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Figure 12. Erigeron annuus 
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Figure 13. Euthamia graminifolia 
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Figure 14. Geum aleppicum 
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Figure 15. Helianthus tuberosus (Clipping 1) 
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Figure 16. Helianthus tuberosus (Clipping 2) 
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Figure 17. Helianthus tuberosus (Clipping 3) 
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Figure 18. Inula helenium (2017 Population) 
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Figure 19. Inula helenium (2018 Population – Clipping 1) 
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Figure 20. Inula helenium (2018 Population – Clipping 2) 
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Figure 21. Inula helenium (2018 Population – Clipping 3) 
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 Figure 22. Lactuca biennis 
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 Figure 23. Leonurus cardiaca (QUBS Population) 
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Figure 24. Leonurus cardiaca (Verona Population) 
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 Figure 25. Satureja vulgaris 
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Figure 26. Solidago caesia (Clipping 1) 
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Figure 27. Solidago caesia (Clipping 2) 
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Figure 28. Solidago gigantea (Clipping 1) 
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Figure 29. Solidago gigantea (Clipping 2) 
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Figure 30. Solidago rugosa (2017 Population) 
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Figure 31. Solidago rugosa (2019 Population) 
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Figure 32. Urtica dioica (Clipping 1) 
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 Figure 33. Urtica dioica (Clipping 2) 
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Figure 34. 
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CHAPTER 4: 

DISCUSSION 

My findings suggest that apical dominance does not have a generalized cost. Responses 

across species, despite the similar growth forms, were varied and likely the result of 

additional factors like life history, environment, nutrient levels, and timing of clipping 

acting on each population. Overcompensation was present in some species but only in 

biomass metrics, and every population did compensate in at least one metric, suggesting 

the existence of some level of tolerance ability across species. For most species, leaf size 

did not decrease in response to apical dominance disruption and did increase in certain 

plants, possibly in response to a greater need for alternative access to sunlight (as vertical 

growth was no longer possible). Additionally, leaf size does not appear to be a predictor 

of a plant’s compensatory ability as there was no trends found across species in any 

measured metric. However, despite insignificant results and no general cost to apical 

dominance realised, further research is prompted by these findings into the strength of 

several environmental and life history traits on (over)compensation, the results of which 

could have agricultural and ecological significance.  

 

Apical Dominance 

The hypothesized over-compensatory response was not found in any metric of 

fecundity (Table 3); however, there were several instances of overcompensation noted in 

body mass metrics (Table 4). Of the species that only experienced a single clipping, 

Alliaria petiolata, Erigon annuus, Geum aleppicum, and Lactuca biennis showed 

significant overcompensation in some body mass metrics (Table 4).  
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E. annuus and L. biennis both experience regular mammalian herbivory in their 

native ranges (DiTommaso et al. 2014; personal observation). This finding is consistent 

with the proposed Optimal Defense Hypothesis as plants would have to regularly contend 

with natural apical dominance disruption due to herbivory. In addition, E. annuus is an 

annual species and L. biennis is a biennial. Its annual status means, due to E. annuus’s 

single year life cycle, that it must reproduce despite any damage incurred during growth. 

Likewise, L. biennis’s apex is only available to herbivores following the allocation of 

resources towards bolting effort, which indicates that the plant is going to reproduce. Due 

to its limited life cycle, much like E. annuus, L. biennis also must commence 

reproductive effort despite any damage incurred after resources have been allocated 

towards rapid vertical growth.  

While A. petiolata is a biennial plant, it is also an invasive one that experiences no 

regular mammalian herbivory in North American populations (Knight et al. 2009). The 

evidence of overcompensation found in G meristems and branching intensity (Table 4) is 

consistent with similar experiments done by Bossdorf et al. (2004), but with a notable 

exception: while they reported a decrease in fecundity for clipped versus unclipped 

populations, A. petiolata completely compensated for fecundity in my experiment (Table 

3). Their study populations were grown in a greenhouse, transplanted to a garden for 

overwintering, and returned to the greenhouse for further growth, whereas my population 

was undisturbed and natural. Environmental factors are a known influence on plants 

tolerance ability (Hilbert et al. 1981; Maschinski & Whitham 1989) and the differences 

between my results and the Bossdorf et al. (2004) experiments could be a product of 
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environmental differences. Though environmental data would be required to pinpoint a 

specific difference. 

G. aleppicum’s overcompensation was only in terms of G meristem allocation 

(Table 4). The lack of related increase in dry mass or branching intensity indicates that 

while the species did produce more branches in response to clipping, the resultant 

biomass was equivalent to what would have been produced had the species not been 

clipped (Table 4). The release of the Iax meristems from the suppressive effect of apical 

dominance allowed it to reallocate these meristems to compensate for fecundity and dry 

mass through employing a more branched body form.  

A similar response for branching intensity was seen in the first clipping of 

Circaea lutetiana (Table 4) with a difference being that while G. aleppicum also 

compensated in all fecundity measures, C. lutetiana’s first clipping undercompensated in 

fecundity (Table 3). In the subsequent clipping, the over- and under-compensatory 

responses were no longer apparent (Table 3). Several other studies have found evidence 

of differing responses to apical dominance disruption due to timing of clipping 

(Maschinski & Whitham 1989; Escarré et al. 1996; Ramula 2008), usually indicating that 

earlier apical damage resulted in an enhanced compensatory response, which seems to 

contradict my results. However, Lennartsson et al. (1998) found that there was an optimal 

time to clip a plant in order to induce its optimum compensatory ability, before and after 

which would result in reduced compensatory ability. They hypothesized the earlier time 

limit was due to a lack of available environmental resources earlier in the season to 

support regrowth and the later time limit was due to prior activation of meristems into 

growth fates, leaving buds unavailable to differentiate into reproductive fates. I would 
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once again suggest that the life history of the species plays a role in its ability. As C. 

lutetiana is a perennial plant, should it be unable to compensate for damage this year, it 

has the opportunity to reproduce in subsequent years; thus it lacks the reproductive 

requirement that annual and biennial plants such as E. annuus and L. biennis experience 

in response to apical damage.  

A similar effect of timing on clipped perennial plants can be seen in the 2018 

population of Inula helenium, Solidago caesia, Solidago gigantea, and Urtica dioica. 

While these species follow a similar pattern to that of C. lutetiana (i.e. 

undercompensating in fecundity for earlier clippings but compensating for later ones) 

(Table 3), they also showed evidence of under-compensation in body mass metrics during 

earlier clippings (Table 4). However, all significant under-compensation in body mass 

metrics did not reoccur in later clippings with the under-compensation in fecundity 

(Table 4). These results suggest that I. helenium, S. caesia, S. gigantea, and U. dioica did 

not increase growth in response to the loss of apical dominance, but instead reserved 

resources, lending credence to both the idea of an early time limit to compensatory 

abilities in a species and the decrease in pressure stemming from the availability of a later 

growing season that these perennial plants had available.  

Aster umbellatus is another perennial species which had varying responses to 

clipping dependent on timing. While two earlier clippings undercompensated in some 

fecundity metrics (Table 3) as well as G meristem allocation (Table 4), the third clipping 

compensated in all metrics with the exception of fecundity per vegetative mass. Once 

again, these findings lend support to the concept that timing of clipping is an important 

determining factor in the response a species has to apical dominance loss. 
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However in Helianthus tuberosus timing seemed to make very little difference in 

the species’ ability to respond. Despite being treated three times throughout the growing 

season, the species continued to undercompensate in fecundity metrics (Table 3), but 

overcompensated in body mass metrics with the most overcompensation occurring in the 

third clipping (Table 4). This indicates that even though the species is a perennial that has 

the opportunity to flower again in subsequent seasons, it increased body mass 

nonetheless. As a plant that does experience frequent mammalian herbivory, I would 

expect it to have a better compensatory ability in response to the loss of apical 

dominance. Although it is important to note that H. tuberosus is a tuber-producing plant 

and the auxin in a plant’s shoot terminal apex is a necessary component of tuber 

formation and growth (Cline 1994). Schubert and Feuerle (1997) found that in response 

to the loss of apical dominance H. tuberosus produced tubers that had a significant 

decrease in fructan concentration. These results suggest that in response to the loss of 

apical dominance, it is possible that H. tuberosus continued to increase biomass in an 

effort to accumulate more nutrients to store in its tubers as opposed to reproducing in 

response to the loss.  

Like A. petiolata, Campanula rapunculoides is another invasive plant found in 

North America. However, C. rapunculoides is a perennial plant, which could explain the 

dramatic differences in response to clipping between the two species. Where A. petiolata 

compensated in terms of fecundity (Table 3) and overcompensated in two body mass 

metrics (Table 4), C. rapunculoides undercompensated in all fecundity metrics (Table 3) 

and two body mass metrics (Table 4). This result once again suggests the importance of 

life history in the prediction of plant response to apical dominance loss, as both species 
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are invasive and occupy similar habitats while lacking predators in North America, but 

respond very differently to apical damage.  

Currently, a comprehensive study of annuals, biennials, and perennials has never 

been done, with most studies focusing on a single species or life history (Gruntman & 

Novoplansky 2011). In this study I observed no fecundity under-compensation in any 

annual or biennial species, while seeing multiple instances of fecundity under-

compensation in the perennial species (Table 3). These results would suggest the 

necessity of further research in this area as no studies currently exist focusing on the 

relationship between life history and the cost of apical dominance. Furthermore the 

effects of different timed clipping on biennials and annuals would be worth pursuing 

considering the multiple instances of significant effects consecutive clipping events had 

on perennials indicated in this study. 

The role of differing environments is only minimally touched on in my 

experiments through the treatment of the same species at different field sites and/or 

during different years. The Inula helenium treatment from 2017 was clipped late in the 

season which would make its closest comparative in the 2018 population the third 

treatment group (Table 1). Both populations performed similarly with a major difference 

being the 2017 population showing overcompensation in G meristem allocation and 

branching intensity (Table 4). Leonurus cardiaca also showed an interesting disparity 

between different populations with the Bracken population overcompensating in G 

meristem allocation and branching intensity, while the Verona population 

overcompensated in dry mass (Table 4). The differing results between populations 

clipped at approximately the same time but being exposed to environmental effects from 
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different years (I. helenium) or different field sites (L. cardiaca) further suggests the 

importance of environmental factors to compensatory response as suggested by other 

studies (Maschinski & Whitham 1989; Wegener & Odasz 1997).  

There are several notable restrictions on this study. I did not take into account 

competition or analyse resource availability and soil quality in the study. Although the 

influence of initial competition was removed in this study, research suggests it may also 

play an important role in a plant’s response to the loss of apical dominance and could 

have added pressures which would have led to different results (Aarssen 1995; Irwin & 

Aarssen 1996b; Järemo et al. 1996; de Mazancourt et al. 2001). Soil quality and resource 

availability have commonly been seen as limiting factors in a plant’s ability to 

compensate for the loss of apical dominance (Irwin & Aarssen 1996a; Levine & Paige 

2004; Wise & Abrahamson 2007). A study by Lortie & Aarssen (1997) presented 

evidence that apically disrupted individuals of the species Verbascum thapsus branched 

more in response to nutrient availability. While there likely would not have been 

pronounced differences in resources for populations treated in the same area at the same 

time, resource availability could have been a contributing factor to the differences seen in 

the 2017 I. helenium vs. the 2018 I. helenium populations, the Bracken L. cardiaca and 

Verona L. cardiaca populations, and the 2017 S. rugosa and 2019 S. rugosa populations 

as they were each studied in separate locations or in different years. 

The varied responses of each individual species indicate that there may be a cost 

of apical dominance in certain situations while there may be a cost to losing apical 

dominance in others. Factors like life history, timing of clipping, predictability of 

mammalian herbivory, and other environmental factors may play a role in a plant’s 
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ability to compensate in response. Overall, the response to apical dominance disruption 

does not seem to be consistent across species and thus does not suggest a generalized cost 

for apical dominance in herbaceous angiosperms. 

 

Intraspecific Leafing Responses 

 While my initial prediction stated that plants with apical dominance disrupted 

would produce smaller leaves, allowing a higher leafing intensity and thus providing a 

larger bud bank from which individuals would be able to compensate, I did not find 

evidence of this effect. In contrast to my predictions, most species (n=12) saw at least one 

instance of significant increase in mean leaf size across clipping events (Table 5). Only 

two species reported a decrease in leaf size: S. caesia and S. gigantea, although the 

decrease disappeared with a subsequent clipping event (Table 5). Furthermore, for both S. 

caesia and S. gigantea, the decrease in mean leaf size accompanied an under-

compensatory response in fecundity metrics (Table 3). This decrease in fecundity may 

simply be due to the species not having the necessary resources to reach any 

compensatory threshold for apical dominance loss as both also undercompensated in 

body mass metrics.  

Of the species that had significant increase in mean leaf size, two treatment 

groups – the 2018 population of I. helenium and L. biennis (Table 5) – were observed to 

have a greater proportion of leaves remaining lower on their main stem than their control 

group counterparts. Due to these species having much larger lower stem leaves, this 

could have inflated the mean leaf size for the treated plants, creating this unanticipated 

significant relationship. The decreased capacity for vertical growth could have made the 
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lower leaves more beneficial to plants as larger leaves have a greater surface area for 

photosynthesis. While the scope of my experiment did not include recording data on the 

location of the surviving leaves on each individual, there were multiple species which 

exhibit a wide range of leaf sizes which could have also experienced this effect. The 

result of apical dominance disruption on leaf retention is a possible area of interest for 

future study.  

 

Leafing Predictors 

A final prediction studied was that species which have smaller leaves and 

increased leafing intensity, better compensate for the loss of apical dominance due to 

their larger bud bank. As herbaceous plants with smaller leaves have been shown to have 

higher leafing intensities (Whitman & Aarssen 2010; Scott & Aarssen 2012), I would 

expect that the larger bud bank borne of that association would provide a larger pool of 

resources from which the plant would be able to compensate in response to apical 

damage. However, I was unable to detect a relationship comparing the relative means of 

fecundity, bud bank, and dry mass to the mean single leaf mass and leafing intensity 

across all populations (n=21) (Figure 34). 

 

Concluding remarks 

The necessity of compensatory research and its predictive effects are evident 

especially in conservation efforts. Knowledge of plant adaptations and tolerance abilities 

are necessary in order for proper land use and species management, especially in the face 

of rapid and severe climate change (Ramula et al. 2019). This includes both the 
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conservation of at-risk species and the management of invasive ones such as A. petiolata. 

Furthermore, knowledge about overcompensation efforts are agriculturally important as 

an ability to increase yield could provide important information for feeding a growing 

population (Sheng 1990; Lei & Gaff 2003; Poveda et al. 2010; Poveda et al. 2018) and 

preventing economic loss due to crop damage. 

While my results did not show any significant predictive effects of leaf size or 

leafing intensity on compensatory ability nor any generalized cost of apical dominance 

across species, it did act to further elucidate the range of factors which may be effective 

in the prediction of compensatory ability. Further study is required in order to clarify the 

strength of factors like life history, timing of damage, environmental factors, and 

predictability of herbivory in a plant’s ability to compensate for the loss of apical 

dominance, as well as its importance to plant success.  
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Table 3.  Summary table of significant paired-sample t-tests results between treatment 

and control groups in each population (n=32) for fecundity metrics. ‘-’ indicates under-

compensation in the first treatment, ‘=’ indicates under-compensation in the second 

treatment, and ‘≡’ indicates under-compensation in the third treatment. ‘+’ indicates 

overcompensation in the first treatment, ‘⧺’ indicates overcompensation in the second 

treatment, and ‘⧻’ indicates overcompensation in the third treatment. Empty boxes 

indicate compensation. 

Species Fecundity 

R Meristem 

Allocation 

Fecundity per Vegetative 

Dry Mass (g-1) 

Alliara petiolata 
   

Arctium lappa 
 

- - 

Asclepias syriaca - - - 

Aster umbellatus 
 

- = - = ≡ 

Campanula rapunculoides - - - 

Centaurea jacea - 
 

- 

Circaea lutetiana - 
 

- 

Erigeron annuus 
 

- 
 

Euthamia graminifolia 
 

- 
 

Geum aleppicum 
   

Helianthus tuberosus - = ≡ - ≡ - = ≡ 

Inula helenium (2017) 
 

- 
 

Inula helenium (2018) - - - ≡ 

Lactuca biennis 
   

Leonurus cardiaca (Bracken) 
  

- 

Leonurus cardiaca (Verona) 
  

- 

Satureja vulgaris 
   

Solidago caesia - - - 

Solidago gigantea - - = 

Solidago rugosa (2017) 
   

Solidago rugosa (2019) 
 

- 
 

Urtica dioica - - - 
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Table 4. Summary table of significant paired-sample t-tests results between treatment 

and control groups in each population (n=32) for body mass metrics. ‘-’ indicates under-

compensation in the first treatment, ‘=’ indicates under-compensation in the second 

treatment, and ‘≡’ indicates under-compensation in the third treatment. ‘+’ indicates 

overcompensation in the first treatment, ‘⧺’ indicates overcompensation in the second 

treatment, and ‘⧻’ indicates overcompensation in the third treatment. Empty boxes 

indicate compensation. 

Species 

Dry Mass 

(g) 

G Meristem 

Allocation 

Branching Intensity 

(g-1) 

Alliara petiolata 
 

+ + 

Arctium lappa 
   

Asclepias syriaca 
 

- 
 

Aster umbellatus 
 

- = 
 

Campanula rapunculoides 
 

- - 

Centaurea jacea 
   

Circaea lutetiana 
  

+ 

Erigeron annuus + 
  

Euthamia graminifolia 
   

Geum aleppicum 
 

+ 
 

Helianthus tuberosus ⧻ + ⧺ ⧻ + ⧺ ⧻ 

Inula helenium (2017) 
 

+ + 

Inula helenium (2018) 
 

- 
 

Lactuca biennis + 
  

Leonurus cardiaca (Bracken) 
 

+ + 

Leonurus cardiaca (Verona) + 
  

Satureja vulgaris 
   

Solidago caesia - ⧺ ⧺ 

Solidago gigantea - - - 

Solidago rugosa (2017) 
 

+ + 

Solidago rugosa (2019) + 
  

Urtica dioica 
 

- - 
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Table 5. Summary table of significant paired-sample t-tests results between treatment 

and control groups in each population (n=32) for leafing metrics. ‘-’ indicates under-

compensation in the first treatment, ‘=’ indicates under-compensation in the second 

treatment, and ‘≡’ indicates under-compensation in the third treatment. ‘+’ indicates 

overcompensation in the first treatment, ‘⧺’ indicates overcompensation in the second 

treatment, and ‘⧻’ indicates overcompensation in the third treatment. Empty boxes 

indicate compensation. 

Species 

Mean Single 

Leaf Mass (g) 

Leafing 

Intensity (g-1) Total Bud Bank 

Alliara petiolata + - 
 

Arctium lappa 
   

Asclepias syriaca 
 

+ 
 

Aster umbellatus + + 
 

Campanula rapunculoides 
 

- - 

Centaurea jacea 
  

- 

Circaea lutetiana + + 
 

Erigeron annuus + 
  

Euthamia graminifolia + 
  

Geum aleppicum 
   

Helianthus tuberosus ⧻ ⧺ ⧻  + ⧺ ⧻ 

Inula helenium (2017) 
 

+ + 

Inula helenium (2018) ⧺ ⧻ 
 

- 

Lactuca biennis + 
  

Leonurus cardiaca (Bracken) + 
  

Leonurus cardiaca (Verona) + 
  

Satureja vulgaris 
   

Solidago caesia - 
 

- = 

Solidago gigantea - - = - 

Solidago rugosa (2017) 
 

+ 
 

Solidago rugosa (2019) + 
  

Urtica dioica ⧺ 
 

- 
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APPENDICES 

Appendix A. List of the 19 species collected. Scientific names follow Gleason & 

Cronquist (1991). Common names follow Newcomb (1997). 

  
Scientific Name Common Name

Alliaria petiolata (Bieb.) Cavara & Grande. Garlic Mustard

Arctium lappa L. Great Burdock

Asclepias syriaca L. Common Milkweed

Aster umbellatus Miller. Flat-Topped Aster

Campanula rapunculoides L. Creeping Bellflower

Centaurea jacea L. Brown Knapweed

Circaea lutetiana L. Enchanter’s Nightshade

Erigeron annuus (L.) Pers. Daisy Fleabane

Euthamia graminifolia (L.) Nutt. Grass-Leaved Goldenrod

Geum aleppicum Jacq. Yellow Avens

Helianthus tuberosus L. Jerusalem Artichoke 

Inula helenium L. Elecampane

Lactuca biennis (Moench) Fern. Tall Blue Lettuce

Leonurus cardiaca L. Motherwort

Satureja vulgaris (L.) Fritsch. Wild Basil

Solidago caesia L. Blue-Stemmed Goldenrod

Solidago gigantea Aiton. Late Goldenrod

Solidago rugosa Miller. Rough-Stemmed Goldenrod

Urtica dioica L. Stinging Nettle
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Appendix B. Summary table of the total number of terminal apices removed from the 

treated individuals in each population, the average mass of each apex, the average body 

mass of an individual plant in the population, and the percentage of that body mass an 

average removed apex is equivalent to. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Species

Number of 

Terminal 

Apices

Average 

Clipping Mass 

(g)

Average 

Population 

Body Mass (g)

Percent of 

Average Body 

Mass (%)

Alliaria petiolata 20.000 0.008 1.063 0.742

Arctium lappa 12.000 0.233 116.662 0.200

Asclepias syriaca 20.000 0.052 43.100 0.120

Aster umbellatus (Clip 1) 20.000 0.022 14.555 0.149

Aster umbellatus (Clip 2) 10.000 0.039 29.599 0.131

Aster umbellatus (Clip 3) 10.000 0.042 21.433 0.194

Campanula rapunculoides 10.000 0.006 1.097 0.572

Centaurea jacea 19.000 0.022 9.848 0.225

Circaea lutetiana (Clip 1) 20.000 0.009 1.206 0.763

Circaea lutetiana (Clip 2) 10.000 0.038 2.316 1.640

Erigeron annuus 20.000 0.030 2.331 1.277

Euthamia graminifolia 20.000 0.065 14.781 0.437

Geum aleppicum 10.000 0.032 8.117 0.396

Helianthus tuberosus (Clip 1) 20.000 0.014 8.695 0.158

Helianthus tuberosus (Clip 2) 10.000 0.110 10.740 1.022

Helianthus tuberosus (Clip 3) 15.000 0.159 18.832 0.842

Inula helenium (2017) 30.000 0.610 39.071 1.562

Inula helenium (2018) (Clip 1) 20.000 0.389 34.100 1.142

Inula helenium (2018) (Clip 2) 10.000 0.541 36.438 1.484

Inula helenium (2018) (Clip 3) 6.000 0.802 54.142 1.482

Leonurus cardiaca (QUBS) 53.000 0.005 10.199 0.052

Leonurus cardiaca (Verona) 20.000 0.010 5.779 0.166

Satureja vulgaris 20.000 0.003 0.796 0.343

Solidago caesia (Clip 1) 17.000 0.004 0.835 0.518

Solidago caesia (Clip 2) 10.000 0.009 1.631 0.561

Solidago gigantea (Clip 1) 20.000 0.027 55.020 0.050

Solidago gigantea (Clip 2) 10.000 0.085 54.288 0.156

Solidago rugosa (2017) 19.000 0.014 6.743 0.209

Solidago rugosa (2019) 17.000 0.081 5.347 1.517

Urtica dioica (Clip 1) 20.000 0.017 16.302 0.107

Urtica dioica (Clip 2) 10.000 0.099 21.908 0.453
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Appendix C. Table of natural history information for all species (n=19) including 

pollination mechanism, whether seeds are dispersed by wind, and whether the species is 

frequently susceptible to shoot apex herbivory. The table content was referenced from 

several sources1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1.  Canadian Weed Science Society. Biology of Canadian weeds. 

https://weedscience.ca/resources/biology-of-canadian-weeds/. Accessed June 2020. 

Alberta Invasive Species Council. Unregulated Plants. 

https://abinvasives.ca/category/invasive-species/fact-sheets/. Accessed June 2020. 

Illinois Wildflowers. Illinois Wildflowers. https://www.illinoiswildflowers.info/. Accessed 

June 2020. 

Invasive Species Council of British Columbia. Invasive Plants. 

https://bcinvasives.ca/invasive-species/identify/invasive-plants/. Accessed June 2020. 

Good Oak Ecological Services. Weed ID Sheets. https://goodoak.com/info/weeds/index.html. 
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The Manitoba Museum. Prairie Pollination. http://www.prairiepollination.ca/accueil-home/. 
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Missouri Botanical Garden. Plant Finder. 
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Appendix D. Graph of the range of leaf size for each species / population (n=22). For 

those populations which experienced more than one clipping event, mean leaf mass was 

taken from the first clipping event. 

 

 


