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Abstract 

Alliaria petiolata is an invasive biennial herb in North America where it has 

detrimental impacts on flora and fauna. Allelopathy, the chemical inhibition of plant 

competitors, is one explanation for why A. petiolata is more successful in North America 

than in Eurasia, where it is native. There is strong laboratory evidence that A. petiolata is 

allelopathic, and recent evidence has suggested that natural selection acts on allelopathic 

compounds (i.e., allelochemicals). If selection is acting on allelochemicals, allelopathy 

should influence survival and reproduction; however, there is not strong evidence of this 

in field settings. To shed light on this discrepancy, I measured phenotypic selection, 

plasticity and heritability of putative allelochemicals and life history traits to determine if 

there is selection on allelochemicals, if allelochemicals can respond to selection, and if 

selection is due to a direct effect of allelopathy, or due to selection acting on a correlated 

trait. Using families from 23 A. petiolata populations, I measured glucosinolate, 

flavonoid and chlorophyll A expression in A. petiolata leaf tissue to estimate selection on 

these traits in inter- and intraspecific competition and without competition. A separate 

experiment was also conducted to test the effect of soil nutrients on glucosinolate, 

flavonoid and chlorophyll A plasticity using 3 different A. petiolata families. I found that 

A. petiolata exhibited strong plastic responses to both fertilizer application and 

competition, but most traits exhibited very low heritability. I also found that while 

selection appeared to act on glucosinolate expression during interspecific competition, 

there is more evidence to suggest that glucosinolate expression was under indirect 

selection due to direct selection acting on the correlated trait, chlorophyll A in response to 

light limitation. There was genetic variation for glucosinolate expression, but it was 
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mostly manifested in the ratio of glucosinolate: chlorophyll A expression, therefore, the 

heritability of glucosinolate expression is likely to vary among environments and to be 

higher in nutrient-rich environments. These results highlight the need to account for 

plasticity and heritability and measure other important traits to account for indirect 

selection when assessing evolutionary potential.  
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Chapter 1 

Introduction 

Most organisms have range limits and have evolved for millennia to both the 

biotic and abiotic aspects of the environment. With human activity breaking down the 

physical range limits that once restricted the spread of species, many are now transported 

across the globe to a variety of new habitats (Pimentel et al. 2005). Most introduced 

species are poorly adapted to the environments into which they are introduced and perish 

in the process. Other species are pre-adapted to the environmental conditions in which 

they are introduced and become naturalized, but do not disrupt the ecosystem (Divíšek et 

al. 2018; van Kleunen et al. 2018). However, a few species not only become established 

in the new environment but also become more successful here than where they are native.  

Many hypotheses explain the disparity in population size and density between 

invasive species in their native and invasive ranges. Greater frequency and density of 

propagule introduction into a new range can increase the likelihood of overcoming 

stochastic local extinctions, increase fitness through Allee effects, and provide more 

opportunity for adaptation to novel selection pressures. However, propagule pressure 

alone cannot fully explain why certain species become invasive (Colautti et al. 2006). 

Darwin (1859) was perhaps the first to propose an explanation for the enigma of invasive 

species and explained the phenomenon as a natural product of evolution. He posited that 

over evolutionary time, species occupy more and more specific niches due to selective 

pressures exerted by competition. This increased niche specificity may allow a foreign 

species to occupy an unexploited niche by chance, giving it a competitive advantage over 

other species and allow for its rapid dissemination (Cadotte et al. 2018). Introduced 
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species need to be somewhat pre-adapted to the environmental conditions of the new 

range to be successful in establishing (e.g., a deciduous tree introduced into a desert 

would not be). However, phylogenetic and morphological differences observed between 

the introduced species and native flora are associated with invasion success, which 

supports Darwin’s Naturalization Hypothesis 150 years later (Fridley and Sax 2014; 

Divíšek et al. 2018).  

Other invasion hypotheses have been proposed but many are derivatives of 

Darwin’s original formulation. For example, the enemy release hypothesis (ERH) 

implicitly follows Darwin’s idea that invasive species occupy unexploited niches in the 

environments to which they are introduced. Plants co-evolve defense compounds to 

defend themselves against the herbivores and pathogens that exploit them, and these pests 

in turn co-evolve mechanisms to overcome these defenses. The ERH posits that upon 

introduction, species may escape their natural enemies in the invasive range because they 

have evolved defense chemicals to which native herbivores and pathogens are not 

adapted. In other words, invaders evolve unique defenses which allow them to occupy a 

niche bereft of enemies. There is evidence that species can escape their natural enemies 

when introduced into a new range, reducing top-down population control and facilitating 

invasion (Keane and Crawley 2002; Liu and Stiling 2006). Furthermore, release from 

top-down control may relax selection on defenses and increase investment in growth and 

reproduction, further increasing the likelihood of invasion (Blossey and Notzold 1995; 

Müller-Schärer et al. 2004; Rotter and Holeski 2018).  

Darwin’s logic surrounding species invasions is also observed in hypotheses that 

invoke allelopathy as a mechanism facilitating species invasions. Instead of evolution 
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molding unique defenses or resource acquisition strategies, species may evolve unique 

“offenses” which allow them to occupy a niche bereft of competitors (Lau and Schultheis 

2015). Allelopathy (in botanical terms) is the chemical inhibition of one plant by another. 

Toxic compounds (“allelochemicals”), generated in either the leaves or roots of a plant, 

can be released into the soil through exudation or decomposition to inhibit competitors 

(Gomes et al. 2017). Callaway & Ridenour (2004) introduced the “novel weapons 

hypothesis” (NWH), which formalized the idea that allelopathy can facilitate species 

invasions. They posited that invasive species release compounds into the soil that are 

inert to the flora of its native range, because the flora there have evolved an immunity to 

the compounds. In contrast, the flora of the introduced range are evolutionarily naïve and 

thus susceptible to the compounds. The NWH has motivated many papers that attribute 

the success of invaders to their allelopathic effects on the susceptible flora in the 

introduced range (Inderjit et al. 2008; Cipollini and Cipollini 2016; Gomes et al. 2017).  

The NWH provides a new spin on allelopathy, a field of research with a rich and 

controversial history. While the concept of allelopathy is often credited to Augustin 

Pyramus de Candolle in 1832, the concept has been around much earlier. Perhaps the first 

to contemplate allelopathy was the Athenian, Solon (638-559 BC), who ordered fig and 

olive trees be planted specific distances apart because the plants may harm each other 

through the “effluvia” that they release (Willis 2008a). However, a modern 

acknowledgement of allelopathy wouldn’t be until the 1700s when the discovery of root 

excretions prompted the Dutch botanist, Justinus Brugmans and his student, Julius 

Vitringra Coulon, to ascribe the poor growth of contiguous plant pairs in crop rotations to 

the toxic effects of root exudates. An editor of The Monthly Review wrote of their paper 
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(Anonymous 1789): “They [M. Coulon, and Professor Brugmans] assert that the grain, 

instead of being deprived of nutrition, by continuing long in the same soil, ejects, from its 

roots, a fluid which is pernicious to its own growth, and to the growth of some other 

vegetables.”. Interestingly, the ideas of both individuals were brought to the English 

speaking world by Charles Darwin’s grandfather, Erasmus Darwin (Willis 2008b).   

Over a century later, the Austrian physicist Hans Molisch termed the phrase 

allelopathy in 1937. By this time, there was enough research surrounding allelopathy for 

a literature review, which found little support for allelopathy and instead emphasized 

nitrogen limitation (Loehwing 1937). Nonetheless, a steady interest in the subject was 

maintained and over the following years and many more reviews were published on the 

topic (for a list, see Rice, 1979). It wasn’t until 1964, when C.H. Muller described the 

bare zones surrounding the desert shrub, Salvia leucophylla to be caused by chemical 

inhibition that allelopathy gained widespread interest (Muller et al. 1964). This paper 

made the cover of science magazine, attracting both praise and criticism surrounding the 

work (Halsey 2004). The proposed method of chemical transmission was the evaporation 

of toxic compounds from leaves into the atmosphere, which then condense as a dew to 

poison neighboring plants. Despite the criticisms, praise from influential ecologists (i.e. 

Whittaker & Feeny, 1971) invigorated the field of allelopathy. Publication rates on the 

subject tripled in the following year (Williamson 1990), an influential book describing 

the current evidence for allelopathy was published (Rice 1974), the National Academy of 

Sciences sponsored an allelopathy conference, and in 1974, the Journal of Chemical 

Ecology was founded (Williamson 1990). While this article brought fame to the field of 

allelopathy, it should have brough infamy.  
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Unconvinced by the work of Muller in 1964, Bruce Bartholomew investigated the 

bare zones surrounding S. leucophylla in the desert. Bartholomew (1970) used an 

herbivory exclusion technique to demonstrate that the bare zones supposedly caused by 

allelopathy were caused by the rodents, rabbits and birds that used the bush for cover and 

grazed on the surrounding vegetation. In spite of this evidence, the support from 

Whittaker and Feeny in 1971 was enough for the field to thrive. It wasn’t until John 

Harper gave a disparaging review of Rice’s book, Allelopathy, criticizing it for praising 

flawed experimental designs and ignoring contrary evidence, that the field was divided 

(Harper 1975). Shortly after, Stowe (1979) demonstrated that the outcome of allelopathy 

experiments depends on the method used to assess it - a phenomenon that has been 

demonstrated again recently by Parepa and Bossdorf (2016) - and an air of skepticism 

surrounded the field. 

For the next 20 years, allelopathy fell out of favor until the hypothesis began to be 

implicated in species invasions. Centurea maculosa is a problematic invader in the US, 

that grows to very high densities and covers large ranges. While 13 biological control 

agents have been introduced to control the spread of the species, none have worked 

(Müller‐Schärer & Schroeder, 1993). In an article published in Science, Bais et al. (2003) 

demonstrated that C. maculosa inhibits two grasses native to North America by releasing 

the compound catechin, triggering a reactive oxygen species cascade that ultimately 

results in the death of the root system in Arabidopsis thaliana and Centaurea diffusa. 

This influential article inspired an article of praise entitled “Making allelopathy 

respectable” (Fitter 2003) and contributed to the formalization of the NWH (Callaway 

and Ridenour 2004). Unlike the studies of the 60’s and 70’s, this modern approach to 
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allelopathy purported to avoid the pitfalls of previous work by demonstrating the entire 

causal pathway of allelopathy, from chemical donor to recipient. However, the high-

profile experiment demonstrating allelopathy received further scrutiny. In the experiment, 

catechin was reportedly extracted in hexane; yet as a hydrophilic compound, catechin is 

insoluble in hexane. Using an appropriate solvent, Blair et al. (2005) could not detect 

catechin in soil from C. maculosa and found that concentrations 10X higher than that 

used in Bais et al. (2003) are required to cause a slight inhibition of a putatively 

susceptible species, Festuca idahoensis. These concentrations are far above levels that 

could occur in nature, making catechin-mediated allelopathy very unlikely (Blair et al. 

2006; Blair et al. 2009).     

There has always been difficulty in proving allelopathy no matter which approach 

is taken. Paracelcus wrote in 1538: “What is there that is not poison? All things are 

poison and nothing is without poison. Solely the dose determines that a thing is not a 

poison.” (Grandjean 2016). This observation underlies the difficulties associated with 

allelopathy experiments because all compounds are toxic at a high enough dose. To test 

causation, a putative allelochemical is applied to a plant, but the dose that is released into 

soil by the donor species, transported and absorbed by the target species in natural soils is 

often unknown. Allelochemicals undergo natural and biological degradation by microbes 

in soil and plant roots harbor rich communities of bacteria, fungi and protists, in what is 

known as the rhizosphere and the rhizoplane (the latter refers to microbes growing 

directly on plant roots) (Philippot et al. 2013). This reduces the quantity and may alter 

type of allelochemicals available for uptake by the recipient plant (Cantor et al. 2011; 

Parepa and Bossdorf 2016). The matter is complicated by the fact that compounds 
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invoked as potential allelopathic compounds have some other role in the plant, from anti-

herbivore defenses, to frost tolerance, pigmentation, UV-light protection and more 

(Hopkins and Hüner 2009).  

Alliaria petiolata has become a popular study system for allelopathy research due 

to its reported inhibition of symbiotic root fungi known as mycorrhizae. Alliaria petiolata 

produces secondary metabolites, glucosinolates and flavonoids in the leaves and roots, 

which can enter the soil through decomposition or root exudation (Barto and Cipollini 

2009; Cantor et al. 2011). Glucosinolates are a class of compound unique to the 

Brassicaceae, which are degraded by the enzyme myrosinase to produce toxic products 

including substituted isothiocyanates, thiocyanides, nitriles and oxazolidinethiones 

(Vaughn and Berhow 1999; Roberts and Anderson 2001). Myrosinase is kept spatially 

separate from glucosinolates in the cell so that glucosinolates are only degraded upon 

receiving tissue damage. However, myrosinase has also been detected in soils in which A. 

petiolata was grown, where it may react with glucosinolates to form toxic compounds 

(Al-Turki and Dick 2003). Flavonoids are another class of potentially allelopathic 

compounds found in A. petiolata (Callaway et al. 2008). There are a wide variety of 

flavonoids (over 4500 known) and they are found throughout the plant kingdom and in 

every plant tissue type. They vary in function from pigmentation and pathogen protection 

to signaling symbiotic rhizobia (Hopkins and Hüner 2009; Panche et al. 2016).  

Glucosinolates and flavonoids have been implicated to have toxic effects on 

arbuscular mycorrhizal fungi (AMF). AMF are obligate plant-root symbionts that greatly 

increase host performance by increasing water absorption, nutrient acquisition and 

disease resistance, and over 80% of land plants associate with them (Bonfante and Genre 
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2010; Denison and Kiers 2011). However, A. petiolata does not associate with AMF and 

has been shown to inhibit mycorrhizal spores and reduce mycorrhizal colonization in 

native plants in lab and field studies, which in turn may reduce interspecific competition 

(Roberts and Anderson 2001; Stinson et al. 2006; Barto et al. 2011). In addition, North 

American AMF have been demonstrated to be susceptible to A. petiolata extracts 

compared to more tolerant European AMF, suggesting that AMF can evolve resistance to 

the toxic effects of A. petiolata (Callaway et al. 2008). Yet in spite of this, studies often 

find that A. petiolata competitive ability, and thus allelopathy, plays little role in 

regulating population dynamics in nature. (Davis et al. 2014; Kalisz et al. 2014; Anderson 

et al. 2019). Instead, the success of A. petiolata may be attributable to early germination, 

high fecundity, high plasticity, self-fertilization, and selective grazing by white-tailed 

deer (Anderson et al. 1996; Cipollini et al. 2005; Kalisz et al. 2014; Smith 2015). Despite 

these results, a few studies have found evidence that natural selection acts on 

allelochemical production in natural populations (Lankau et al. 2009; Evans et al. 2016), 

which should not occur unless allelopathy conveys a benefit to A. petiolata and affects 

survival and/or reproduction.   

Alliaria petiolata faces interspecific competition when it first colonizes a new 

environment; however, after some time, populations can grow to very high densities and 

experience intense intraspecific competition (Davis et al. 2014). If allelopathy in A. 

petiolata is mediated through the toxic effects of glucosinolates and/or flavonoids on 

AMF, then inhibition could only occur during interspecific competition, when 

competition is mainly against mycorrhizal hosts. In contrast, when facing intraspecific 

competition, competition is mainly against non-mycorrhizal hosts, and allelochemical 
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production would only incur a cost. For this reason, natural selection for allelochemicals 

may occur in colonizing A. petiolata populations, and not in older populations that face 

mainly intraspecific competition. Evans et al. (2016) sought to test this hypothesis by 

measuring selection on the glucosinolate compound, sinigrin under inter- and 

intraspecific competition with the herbaceous species, Arisaema triphyllum. They found 

selection for sinigrin production during interspecific competition, and selection against 

sinigrin production during intraspecific competition, consistent with allelopathy 

mediating selection for sinigrin. However, heritability and plasticity were not calculated 

for sinigrin, therefore, variation in trait values across treatments and the ability of the trait 

to respond to selection is unknown.  

Other papers report evolution of glucosinolates, but also share some of the same 

limitations. Using one individual from each of 44 populations to obtain a population-level 

estimate of glucosinolate expression, Lankau et al. (2009) found that glucosinolate 

production was higher in younger A. petiolata populations, where competition was 

mainly interspecific, and was lower in older A. petiolata populations, where competition 

was mainly intraspecific. They posited that selection was acting on glucosinolate 

production to increase production in young populations and decrease production in old 

populations. Later, Lankau (2011) used the same 44 populations with up to five replicates 

per population to calculate an average glucosinolate trait value for each population. This 

time, however, a relationship between mycorrhizal inhibition and population age was not 

found. More recently, work by Huang et al. (2018) used 8 populations and demonstrated 

that sinigrin production decreased with age but interspecific competitive ability in A. 

petiolata actually increased, casting doubt that sinigrin-mediated allelopathy plays a role 
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during interspecific competition at all. Importantly, one commonality of the 

aforementioned studies is that none of these studies calculated the heritability or plasticity 

of sinigrin, which are important parameters for predicting evolution in response to 

selection.  

Alliaria petiolata reproduces asexually, allowing a single individual to colonize a 

new habitat and establish a population. Indeed, a paucity of genetic variation has been 

observed within introduced populations of A. petiolata (Durka et al. 2005). While 

correlations between a trait and fitness (i.e., a selection differential) demonstrate natural 

selection, a population cannot evolve in response to selection on traits with limited 

genetic variation. To my knowledge, genetic variation for glucosinolate, growth and 

fitness have not been confirmed in studies of A. petiolata measuring selection on 

glucosinolate expression. Furthermore, it remains a mystery whether selection acting on 

glucosinolate production is direct or indirect. Direct selection occurs when a trait directly 

confers a benefit or detriment to the organism, whereas indirect selection occurs when a 

correlated trait affects fitness. Therefore, it is important to consider multiple biologically 

relevant traits. This can be done by estimating selection gradients, which measure direct 

and indirect selection on traits (Lande and Arnold 1983; Arnold and Wade 1984).  

In addition to selection gradients and heritable genetic variation, it is important to 

consider trait plasticity in order to reconstruct evolutionary processes occurring in natural 

populations of invasive species. Plasticity is an important aspect of species invasions, as 

plastic responses to environmental stress can promote survival and reproduction in novel 

environments - especially for species with little genetic variation. For example, Hiatt & 

Flory (2020) demonstrated that invasive grasses in the genus Imperata are more plastic 
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than all six native species involved in the study, suggesting that plasticity may contribute 

to the invasiveness of these species. Furthermore, Davidson et al. (2011) analyzed 75 

different species and found that invaders on average are more plastic than non-invasive 

species. Plasticity may be an important aspect of A. petiolata invasions because of its 

high selfing rate and because secondary compound production has been demonstrated to 

vary significantly with water, light and nutrients within natural populations (Cipollini et 

al. 2005; Hillstrom and Cipollini 2011; Smith 2015). Aside from the importance of 

plasticity in species invasions, plasticity can also influence the heritability of traits.  

Heritability is an estimate of the proportion of trait variation explained by genetic 

differences among genotypes or groups of relatives. Environmental effects on phenotype 

therefore reduce heritability. This means that the heritability of a trait depends on the 

environment in which the organisms were grown. For example, heritability estimates are 

often higher when resources are readily available, which may cause greenhouse 

experiments to overestimate the potential response to selection relative to nutrient-limited 

natural populations (Charmantier and Garant 2005). In line with this, the more plastic a 

trait is, the more it responds to environmental variation, which limits heritability and thus 

evolution in response to selection (Hendry 2016). In other words, plasticity masks the 

effects of adaptive alleles and impedes adaptive evolution.  

The effect of environment on heritability can make predicting responses to 

selection problematic in a highly plastic plant such as A. petiolata. Plastic trait variation 

could be mistaken for genetic variation and reduce the accuracy of population-level 

means. For example, Smith (2015) demonstrated significant variation in root 

glucosinolate expression in an A. petiolata population across a light gradient, but found 
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that none of the variation was attributable to genetic factors when plants were moved to a 

standardized greenhouse environment. Accounting for phenotypic plasticity is also 

necessary to obtain accurate population-level estimates of trait values. The more a trait is 

affected by environmental variation (e.g., greenhouse bench effects, competitor strength, 

etc.), the more difficult it is to obtain accurate estimates of population parameters.  

The goal of my thesis was to estimate plasticity, heritability, and selection on leaf 

chemistry traits (i.e., glucosinolate, flavonoid and chlorophyll A) and life history traits in 

A. petiolata under intra- and interspecific competition. Specifically, my goals were to (1) 

determine if glucosinolate and flavonoid expression undergo direct or indirect selection 

when grown in three different competitive environments; (2) test whether traits under 

selection exhibit heritable variation and thus could evolve in response to selection; (3) 

identify correlated traits under selection during inter- and intraspecific competition; and 

(4) quantify the effects of inter- and intraspecific competition on A. petiolata fitness. The 

answers to these questions are necessary to inform whether or not allelopathy plays an 

important role during A. petiolata invasion.  
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Chapter 2 

Methods  

2.1 Study systems 

Alliaria petiolata (Garlic Mustard) is an invasive plant in North America and was 

first noted in 1868, in Long Island, New York. Alliaria petiolata is native to Eurasia and 

is a member of the Brassicaceae family. Since its introduction, A. petiolata has spread 

across North America at an alarming rate of expansion, estimated at 6400km2/year as of 

1991 (Rodgers 2008). It now occurs most densely along the East Coast of North America, 

but is also found in the Prairies and along the West Coast between Alaska and Oregon 

(Anderson 2012). Alliaria petiolata is an obligate biennial species, which emerges in 

early spring, overwinters as a rosette and then forms a flowering bolt in the spring of the 

following year (Anderson et al. 1996). It preferentially grows on forest edges of mesic 

deciduous forests, although, A. petiolata is shade tolerant and is capable of growing in the 

forest understory. Alliaria petiolata is often associated with high levels of nutrient 

availability and may alter nutrient cycling by depositing leaf litter high in nitrogen 

(Rodgers, Wolfe, et al. 2008; Anthony et al. 2017).  In North America, it can invade the 

forest understory and quickly proliferate to form dense populations with detrimental 

effects on native flora and fauna (Rodgers, Stinson, et al. 2008). Here, A. petiolata 

undergoes significant predation from at least three different insects (Yates and Murphy 

2008), and it undergoes natural infection by powdery mildew fungus (Erysiphe 

cruciferarum) (Ciola and Cipollini 2011). 

Alliaria petiolata reproduces asexually over 80% of the time via self-fertilization 

(Durka et al. 2005), but can also be pollinated by syrphid flies, midges and bees (Cavers 
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et al. 1979; Cruden et al. 1996). Alliaria petiolata reproduces only through seeds and 

exhibits a very high seed rain. A single plant can produce over 3500 seeds and seeds can 

persist in the soil for over 10 years (Rodgers, Stinson, et al. 2008). The asexual and 

fecund nature of A. petiolata allows a single individual to create new populations. It is 

therefore unsurprising that 80% of the genetic variation in the species lies among 

populations (Durka et al. 2005). Despite high inbreeding, the species does not suffer from 

inbreeding depression, possibly due to its hexaploid genome, which may reduce the 

likelihood of expressing deleterious recessive alleles (Mullarkey et al. 2013). 

Acer saccharum (Sugar Maple) is an economically important species in Canada 

due to its wood and sweet sap. It is native to eastern North America and grows in cool 

moist regions with deep soils between the latitudes of approximately 35° and 50°. Acer 

saccharum is a shade tolerant species that associates with AMF and grows in over 25 

different forest types including hardwood, oak and conifer-dominated forests (Ralph 

1998). After 22 years of growth, A. saccharum is able to produce fruits in relatively small 

amounts. Older plants, however, can be very fecund with a seed rain that can exceed 

2200 seeds/m2. Acer saccharum seeds exhibit very high germination success (~95%), 

resulting in a forest understory with an abundance of A. saccharum seedlings, often 

exceeding 37 plants/m2 (Godman et al. 1990). This density of seedlings holds potential 

for competition with an invading A. petiolata population because A. petiolata co-occurs 

with A. saccharum throughout the majority of A. saccharum’s range in Eastern North 

America. 

Acer saccharum seedlings face predation from ungulates, hares and rabbits, which 

can facilitate the invasion of pest species such as ferns, grasses, beech and striped maple, 
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and may prevent A. saccharum seedlings from establishing (Ralph 1998). Interestingly, 

selective deer herbivory on native species has also been implicated in the success of A. 

petiolata in colonizing forest understories, providing one hypothesis as to why A. 

petiolata displaces A. saccharum in some areas (Kalisz et al. 2014; Anderson et al. 2019). 

Alternatively, A. saccharum has been demonstrated to be particularly susceptible to A. 

petiolata allelopathy in the greenhouse (Stinson et al. 2006), and in the field A. 

saccharum exhibits reduced mycorrhizal colonization where it co-occurs with A. 

petiolata (Barto et al. 2011).  

2.2 Experimental design 

2.2.1 Overview of experiments 

In answering my research questions, there is a trade-off between obtaining 

realistic environmental conditions and controlling for confounding variables. I chose a 

balanced approach and used a greenhouse to eliminate many confounding variables in the 

early stages of growth, but I used homogenized field soil and an interspecific competitor 

from a habitat that is susceptible to A. petiolata invasion. Alliaria petiolata needs to 

overwinter in order to flower, and overwinter survival is an important aspect of A. 

petiolata population dynamics in nature. Therefore, after the first growing season, all 

plants (which remained in their pots) were transplanted to a field site at the Queen’s 

University Biological Station in the fall to complete their life cycle in the field. 

In the main experiment, I used 23 different A. petiolata seed families and grew at 

least 3 individuals from each family in each of 3 different competitive environments: 

interspecific competition with A. saccharum, intraspecific competition with a different A. 

petiolata seed family, and alone. I also grew 31 A. saccharum seedlings alone (i.e., the 
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“maple alone” treatment) as a control for A. saccharum growing in the interspecific 

treatment. In the first growing season, these plants grew in pots in a greenhouse at 

Queen’s University where I measured leaf chemistry traits, growth rate, rosette size, fern 

abundance (which grew in pots due to natural inoculation from field soil) and any 

damage that occurred on the plants as a result of pests.  

In a second, smaller experiment, hereafter referred to as the “fertilizer 

experiment”, I used 3 different A. petiolata families and grew at least 10 individuals from 

each family in the same 3 treatments as above: interspecific competition, intraspecific 

competition, and alone. In contrast to the main experiment, there was no maple alone 

treatment and half of the pots in each treatment received a slow-release fertilizer. The 

goal of this experiment was to determine how A. petiolata responds to nutrient 

availability in each treatment. These plants were harvested after the first growing season 

and all measurements on these plants took place in the greenhouse. On these plants I 

measured leaf chemistry traits and rosette shoot mass.  

 

2.2.2 Seed, sapling, and soil sources 

Alliaria petiolata seeds were collected between 2009-2012 as part of the Global 

Garlic Mustard Field Survey (Colautti et al. 2014). I considered individuals within a 

population to represent an inbred line as A. petiolata exhibits high rates of inbreeding 

under natural conditions ( > 80%) and 80% of genetic variation segregates among 

populations in this species (Durka et al. 2005). To eliminate within-population genetic 

variation, I used the progeny of a single individual in each population to represent a seed 

family. Four seed families are the first-generation offspring of parental plants in natural 
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populations (i.e., the families CBMCK1, MAVBEL2, SMAKC1 and RULEB1). Each of 

the other seed families represent the second-generation progeny an individual that was 

first grown to maturity in a common garden in 2017 at the Queen’s University Biological 

Station (QUBS; located in Elgin Ontario: 44.5675° N, 76.3245° W). In 2017, seeds were 

germinated on autoclaved sand: potting soil (4:1) in petri dishes sealed with parafilm. 

After germination in October, the plants were transplanted to the field in the summer of 

2017 and seeds were harvested the following summer in 2018. Seeds were labeled 

according to the seed family and stored dry at room temperature until the start of my 

2019 experiment. I continued the inbred line by using the offspring of a single individual 

from the 2017 experiment to represent a seed family. Seed families provide the basis for 

genetic variation in this experiment. 

On May 8, 2019, A. saccharum saplings were collected from a natural population 

located in a forest abutting QUBS (44.5671° N, 76.3250° W). This section of the forest 

was not invaded by A. petiolata, but there was an expanding A. petiolata population as 

near as 25m away from the sampling area and the site seemed suitable for A. petiolata 

invasion. The saplings were extracted by removing a block of soil 12cm deep with an 

abundance of saplings. This block was transported back to the greenhouse where 

seedlings were placed into experimental pots, retaining as much field soil around the root 

system as possible to keep the root hairs and mycorrhizae intact. As A. saccharum 

seedlings were of naturally occurring ages, initial stem heights varied considerably: from 

32mm to 145mm at the initiation of the greenhouse experiment. Field soil was obtained 

adjacent to the area where the saplings were collected. Debris and seedlings were scraped 

from the surface of the soil and the top layer (approximately 12cm deep) was collected. 
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Large roots and rocks were removed from the soil, which was then thoroughly mixed 

with shovels and rakes to homogenize the soil microbiota and nutrient profiles.  

2.2.3 Greenhouse design 

2.2.3.1 Seedling germination and transplantation 

Seeds were stratified in the dark at 4°C in petri dishes (10 seeds per plate) 

containing unsterilized field soil in order to expose seedlings to the soil characteristics 

and microbiota at germination. Each plate was treated with 2mL of deionized water, as 

this volume moistened the soil without saturating it, and plates were then wrapped in 

parafilm. Seed germination took place between March 7th and May 7th of 2019. If seeds 

did not germinate before March 26, 2019, germination was forced via scarification and 

application of 2ml of 0.001M gibberellic acid directly into the petri dishes containing 

field soil (Sosnoskie and Cardina 2009). Once seedlings germinated, they were 

transferred into 10×20-cell plug trays filled with a 1:1 mixture of sand and Sun Grow 

Sunshine® Mix 2 potting soil, which does not contain added nutrients. These trays were 

kept in a growth chamber programmed to simulate early spring: constant 10°C, with a 

daylight period of 12 hours at half-light. Trays were watered as needed from above using 

deionized water. 

On May 9-10, 2019, seedlings were transplanted into 4” round plastic pots 

(surface area = 81cm2; volume = 524.39 cm3) containing a 1:1 ratio of field soil: potting 

soil (Sun Grow Sunshine® Mix 2) and were moved into a greenhouse. Pot size was 

chosen to reflect the competition intensity of natural conditions while still maintaining 

high survival. In natural conditions, A. petiolata density can be as high as 18 plants/dm2 
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in April and dwindle to as little as 0.6 plants/dm2 by June (Anderson et al. 1996). Density 

in this experiment was either 1.23 plants/dm2 in the alone treatment or 2.46 plants/dm2 in 

the intraspecific treatment. Plants were kept under natural light and were artificially 

shaded with shade cloth to simulate a forest understory. Plants were broadcast watered 

once or twice per day to maintain soil that was wet to the touch. All plants were tracked 

using an ID unique to each plant in the form of a barcode sticker, created with the 

baRcodeR package in R, and attached to a plastic garden marker (Wu et al. 2018). 

In total, I tried to germinate 3300 seeds from 66 families (50 seeds per family) 

which originated from 32 different populations. I transplanted into plug trays a total of 

1350 seedlings that germinated before the cut-off day of May 7th, 2019. Variable 

germination and mortality among seed families limited the number of seed families 

available for experimentation. Seed families were excluded if they did not have enough 

seedlings available for appropriate replication (more details below). Following 

transplantation into experimental pots, there was a small amount of mortality. If any 

individual in a pot perished in the first growing season, all plants in the pot were excluded 

from the analysis. 

2.2.3.2 Main experiment  

The main experiment included 23 families and each family was replicated across 

three treatments: alone, interspecific competition and intraspecific competition (see Table 

A1 for replication and Fig. A4 for a visualization). To determine the competitor pairs to 

be used in the intraspecific treatment, I wrote an algorithm in R to randomly pair 

individuals from different seed families without repeating pair combinations. Pots were 
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randomized across the first four benches in the greenhouse and the location of each pot 

(i.e., greenhouse bench, column and row) were recorded.  

Seed families were excluded from the main experiment if they did not consist of 

at least 9 individuals to allow 3 replicates of each family, in each of the 3 treatments. A 

small amount of mortality occurred after transplantation which reduced the replication to 

8 for two families; but most families had higher replication (average N = 22 per family, 

range N = 8 to N = 31). In the main experiment, after removing 12 individuals that died 

in the first year, and 7 individuals with competitors that died, I was left with 506 

individuals representing 23 genetic families (Table A1). These families originated from 

22 populations located along the East Coast of North America and one population located 

in Northern Italy (Fig. 1). In the maple control treatment, 2 individuals died in year 1, 

reducing the sample size from 31 to 29 in this treatment. At the end of year 1, plants in 

the main experiment were moved to the field.  
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Figure 1. Population locations used in this experiment.  
Families in this experiment represent inbred lines descendent from a single individual 
within each population shown here.  
 

2.2.3.3 Fertilizer experiment  

The fertilizer experiment was conducted to test the effect of soil nutrients on A. 

petiolata plasticity. This experiment involved only 3 seed families (i.e., KVEDG1, 

SMITH1, MSMID1), which originated from three of the same populations used in the 

main experiment but represent a different inbred line. For example, in the population 

KVEDG1, one inbred seed family was used in the main experiment, and another family 

was used in the fertilizer experiment. The 3 seed families were replicated across the same 

3 competition treatments involving A. petiolata in the main experiment (i.e., the alone, 

interspecific and intraspecific competition treatments). However, half of the pots received 

one tablespoon of a slow-release fertilizer with micronutrients (12-4-8 Miracle-Gro® 

Shake 'n Feed® All Purpose Plant Food) at the beginning of the experiment. Like the 

main experiment, plants in the intraspecific treatment were paired with different seed 



 

22 
 

families, but unlike in the main experiment, competitor pairs were replicated due to the 

low number of unique combinations available with only three genotypes. Plants in this 

experiment were randomized across a single bench in the same greenhouse where the 

main experiment took place. 

Replication in the fertilizer experiment differed from the main experiment as each 

family was to be replicated at least 5 times across competition and fertilizer treatments 

(i.e., 5 individuals × 3 competition treatments × 2 fertilizer treatments). After removing 

from the analysis dead individuals and individuals with competitors that died, the 

experiment consisted of 59 individuals representing 3 families replicated unevenly across 

competition treatments, which prevented a genetic analysis of these plants (Table A2). At 

the end of year 1, plants in the fertilizer experiment were harvested and were not moved 

into the field.  

2.2.4 Field design 

Plants from the main experiment were transported from the greenhouse into a 

fenced-in field at QUBS on October 5, 2019, to allow plants to acclimatize to cold 

temperatures before winter. In October 2019, air temperatures averaged 14°C in this 

region. In the field, I dug 49 square holes with dimensions of approximately 0.6×1.2 

meters wide and 15cm deep and I arranged these holes in a grid to identify each plant’s 

position in the field. I randomly assigned between 7-16 pots to each hole, the number of 

pots in each hole reflects variation in the size of each hole, which were dug manually in 

field soil with debris and rocks. Each pot was spaced approximately 10cm apart from all 

adjacent pots. Plants from the experiment were kept in their original pots, placed in the 
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holes and buried up to the rim to prevent desiccation while maintaining an intact 

competitive environment.  

2.3 Greenhouse (year 1) measurements 

2.3.1 Body size measurements  

To account for variable initial transplant size, each A. petiolata and A. saccharum 

plant were measured for length of the largest leaf, the number of true leaves, and (for A. 

saccharum only) stem height. This occurred on May 16th -17th 2019, approximately one 

week after transplantation into experimental pots. 

In the main experiment, I measured total leaf area (TLA) for each A. petiolata 

rosette, and I measured TLA and stem height for each A. saccharum plant at the end of 

year 1. I obtained TLA by manually measuring the length and width of each leaf using a 

caliper, multiplying the length and width of each leaf and summing the products. The 

TLA of rosettes at the end of year 1 is hereafter referred to as “rosette size” and was used 

to indicate performance. Acer saccharum TLA at the end of year 1 was used to indicate 

performance as most of the variation induced from this experiment was expressed in leaf 

area, not stem height. In the main experiment, these measurements took place between 

August 14th - 21st, 2019.  

In the fertilizer experiment, a manual measurement of each leaf was not necessary 

as these plants were only grown for one season and could be harvested. A full harvest 

was done on plants in the fertilizer experiment between August 27th -28th, 2019. The 

shoot system was cut where the stem entered the soil and was then dried to a constant 

weight before measuring shoot mass on a scale with resolution to 0.01g. 
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2.3.2 Relative growth rate 

In the main experiment only, I measured the growth rate of A. petiolata in the 

greenhouse. To do this, every two weeks starting on May 27, 2019, the size of each A. 

petiolata rosette was obtained by measuring the total number of pixels (TNP) 

corresponding to the rosette in an image. TNP was measured by imaging the plants, 

storing the images and analyzing them later on. The top and side of each A. petiolata 

rosette were photographed using two webcams in a portable image-capture stand I 

constructed (Fig. A5). An image of the top and side of the rosette was needed because the 

rosettes tended to droop, causing parts of leaves to be hidden from the top camera. By 

capturing the photos at a constant distance, the area the plant occupies within the photos 

could be used to estimate the size of a rosette (Fig. A3).  

Image analysis was performed using a machine learning algorithm written in 

Python using the packages OpenCV2 and PlantCV2 (Open CV Dev. Team 2013; Python 

Core Team 2015; Berry et al. 2018). I trained the computer to identify leaves based on 

the value of each pixel in the image (each pixel has 1 red, 1 green and 1 blue value which 

range from 0-255 to create a color). I used a subset of training images and sampled pixels 

that formed the leaves, and pixels that formed background in each image. This resulted in 

two sampling distributions, one of plant pixels and one of background pixels. An 

algorithm available in the PlantCV2 package used Bayesian statistics to assign new pixels 

as either plant or background based off what is more likely (Berry et al. 2018).  

The TNP identified as rosette from the top and side photo were summed and used 

to estimate the size of each rosette. A subset of 76 plants were used to verify the method: 

TLA was calculated manually using a ruler (to obtain the length and width of each leaf) 
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and TNP was obtained on the same plants using computer vision. Without any 

manipulations of the pixel data, there was a strong correlation between TNP and TLA 

(p<2.2e-16, R2=0.852). This analysis was automated to analyze all 5659 photos. Each 

photo that was analyzed produced an output image, outlining the parts identified as 

rosette (i.e., Fig. A3). All of these output images were manually verified to ensure 

appropriate identification of the plant and errors were corrected as necessary.  

I created another program in python in order to operate the portable image capture 

stand. This program automated the two webcams and barcode machine involved in the 

photo apparatus. The algorithm reads the ID of the plant, displays webcam feeds, takes a 

photo with each webcam, displays the photos to ensure quality, and stores the images 

with the appropriate identification and the exact time that the photos were taken. Time 

was denoted as seconds since Jan 1st, 1970 (i.e., Unix time) – this time represents the 

exact second when each photo was taken but is also a quantitative number that can be 

used to calculate growth rates with high accuracy.  

Relative growth rate (RGR) was calculated for each of the 4 intervals following 

Hoffmann and Poorter (2002):  

𝐑𝐆𝐑 = 𝐥𝐧(𝑻𝑵𝑷𝟐)(𝐥𝐧	(𝑻𝑵𝑷𝟏)
𝒕𝟐(𝒕𝟏

	     (2. 1) 

where t denotes time and subscripts indicate the instance of measurement. Five different 

growth rate measurements were made: May 27-28, June 11-12, June 24-25, July 11-12 

and August 8-9, 2019. It took two days to image all of the plants in the main experiment. 

The last measurements were taken a month apart as plants had observably slowed their 

growth. The majority of growth occurred between the first and second measurement (Fig. 
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B2), therefore only the first relative growth rate measurement (RGR1) was used in 

analyses.  

2.3.3 Leaf chemistry 

Total glucosinolate, flavonoid, and chlorophyll A concentration were quantified in 

A. petiolata leaf tissue at the end of year 1 (i.e., August 14th - 21st, 2019 for plants in the 

main experiment and on August 27th -28th, 2019 for plants in the fertilizer experiment). I 

obtained two 8mm diameter holepunches from a single leaf and pooled these samples to 

give a composite sample of a leaf. I only sampled leaves that exceeded 30mm and had > 

50% green tissue. Care was taken to sample undamaged areas of the leaves. I sampled a 

maximum of 2 leaves per plant; however, certain plants had only enough leaves meet the 

criteria to permit 1, or in some cases 0 samples. If a plant had more than two leaves 

which met the criteria, the smallest leaves over 30mm in length were sampled. I also 

recorded leaf area of the sampled leaf (length × width) using a caliper. Fresh tissue 

samples were flash frozen and stored at -80°C until further processing.  

Frozen leaf tissue was pulverized in 1.5mL centrifuge tubes using a Next Advance 

Bullet Blender®. Two cycles of 15s on the highest power (12) were performed and 

samples were re-submerged in liquid N2 after each cycle. Samples were kept frozen to 

inhibit enzymatic degradation of target compounds. Leaf tissue was then extracted in 

0.55mL of 100% methanol, incubated for 1 hour at 25°C and 300rpm and were 

centrifuged for 2 minutes at 2500g (Eppendorf, 5427 R). Next, the pellet was discarded 

and 485μL of supernatant was stored at –80°C until further processing. The concentration 

of total glucosinolate, flavonoid, and chlorophyll A were determined using 96 well assays 

with spectrophotometric analysis and two technical replicates per sample. Chlorophyll A 
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was evaluated by transferring 20µL of extract into wells; the sample was then evaporated 

and resuspended in 50µL of 100% methanol immediately prior to reading. Chlorophyll A 

concentration was then quantified as in Ritchie (2006) using the following formula after 

subtracting all absorbance values by their absorbance at 750nm as a control: 

Chlorophyll	A	(µg/ml) = 	−8.0962	 ∗ 	𝐴+,- 	+ 	16.5169	 ∗ 	𝐴++,   (2. 2) 

where A652 is the absorbance at 652nm and A665 is the absorbance at 665nm.  

Total glucosinolate and flavonoid concentration was evaluated by rinsing 465µL 

of extract with 650µL of hexane to remove other pigments or secondary compounds that 

may interfere with analysis. After rinsing, samples were centrifuged at 2500g for 10 

minutes at 4°C. I then transferred 100µL of the defatted sample to wells, left it to 

evaporate and resuspended it in 100µL of 100% methanol immediately prior to reading. 

Total flavonoid content was assessed with reference to “Procedure 1” in Pękal and 

Pyrzynska (2014), in which AlCl3 is applied to the sample to bind with flavonoids and 

form a yellow-colored flavonoid-aluminum complex. This complex absorbs UV light at a 

higher range than other phenol compounds, allowing flavonoids to be quantified. I 

modified the procedure by using 50µL of 2% (w/v) aluminum chloride (AlCl3) solution 

and 50µL of 1M acetic acid to make it appropriate for a 96 well plate (Granato et al. 

2016). Rutin was used as the standard to construct a standard curve due to its similarity to 

the most abundant flavonoid in A. petiolata, isovitexin 6-O-B-d-glucopyranoside (see 

Fig. A2 for standard curve; Haribal and Renwick 2001). 

Glucosinolates were quantified with reference to Ishida et al. (2011) and Ishida et 

al. (2012); in which, the molecule palladium forms a yellowish-brown-colored complex 

with glucosinolates which shifts their UV absorption to a unique range to allow 
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quantification. I modified the procedure by using 100µL of 3.529mM of sodium 

tetrachloropalladate (NaCl4Pd) to make the method appropriate for a 96 well plate 

(Mawlong et al. 2017). Sinigrin was used as a standard as it is one of the most abundant 

glucosinolates in A. petiolata and is suspected to have allelopathic effects (see Fig. A2 for 

standard curve; Vaughn and Berhow 1999). Both assays were read at 425nm before and 

after reagents were added. Initial absorbance values were divided by 2 and subtracted 

from the final absorbance values to control for variability in initial color of extract. 

Dividing by 2 was necessary as solutions were twice as concentrated before reagents 

were added; this can be demonstrated using the following formula, which was derived 

from the C1V1 = C2V2 equation: 

𝐴./012 =
3#$%&$×	5#$%&$

5'()*$
      (2. 3) 

where Aprior is the absorbance of the sample before reagents were added, Vprior is the 

volume before reagents were added and Vafter is the volume after reagents were added. 

The variable Aafter reflects the absorbance in the sample that cannot be attributable to the 

target compound; it is the theoretical absorbance of the sample had the tissue extract been 

simply diluted instead of reacted with reagents.  

A pooled extract, composed of many different A. petiolata leaves, was extracted 

in 100% methanol and stored with the rest of the extracted samples. Glucosinolate, 

flavonoid and chlorophyll A content in the pooled extract were determined in each run 

performed. This allowed each plate to be verified for its accuracy. If the pooled sample 

deviated more than two standard deviations from the mean, data from the entire plate 

were discarded, which occurred in 3/56 plate reads. The end result, after accounting for 

plants that could not be sampled, or plants where only one leaf could be sampled, was 
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317/506 plants with samples from two leaves, 99/506 plants with samples from one leaf, 

and 90/506 plants with no samples.  

2.3.4 Biotic interactions  

When measuring rosette size in the main experiment and harvesting A. petiolata 

in the fertilizer experiment, I also measured pathogen damage on leaves. The same leaves 

that were chosen for secondary compound analysis were also chosen for pathogen 

damage measurements on the plant. To measure pathogen damage, a photograph was 

taken of the sampled leaves. Using these photos, I quantified thrip damage (genus 

Thysanoptera) by counting the number of white spots on each leaf, and I quantified black 

pathogen abundance by counting the number of black spots on each leaf. Lasty, I 

recorded whether or not each leaf had a presence of powdery mildew infection (Erysiphe 

cruciferarum); which has a distinct cloudy-white appearance (see Fig. A1 for an example 

of pathogen identification). The black pathogen was not identified but was similar in 

presentation to ring spot fungus (black blight; Mycosphaerella brassicicola), which is 

known to infect Brassicaceae species. All plants were considered inoculated with each 

pathogen as pathogens likely came from the field soil in which the plants were grown, 

infection was dispersed throughout the greenhouse, and plants were touched by the same 

cloth bi-weekly for imaging. I quantified herbivore damage on A. saccharum by 

recording the number of leaves with and without tissue damage (defined as a hole in the 

leaf observable to the naked eye). This data was then used to give a percentage of leaves 

with herbivore damage to be used in analyses. Acer saccharum damage was likely also 

caused by thrips. 
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In addition to pathogens, I also noticed that many of the pots had ferns growing in 

them. On October 1, 2019, I counted the number of ferns in each pot. A maximum of 15 

individual fern plants were counted in each pot as a fern abundance of > 15 fully 

saturated a 4” pot. Since field soil was thoroughly mixed prior to the experiment, each pot 

received the same inoculation potential for ferns. While this was an unexpected 

competitor in our experiment, ferns represent an aspect of the environment which A. 

petiolata would invade and thus provided a growing environment more reflective of 

natural conditions.  

2.4 Field (year 2) measurements 

On May 13th, 2020, overwinter survivorship, bolt size and field location (row and 

column) were recorded for each plant. Bolt size was measured as shoot length, number of 

leaves, and the length and width of the largest leaf for each A. petiolata plant that 

survived. These measurements were then used in a principal component analysis (PCA) 

to obtain a single composite measurement of bolt size. Because bolts were not yet fully 

developed, bolt size variation is primarily a function of emergence time and growth rate. I 

recorded fecundity at the end of year 2 as a measure of reproductive fitness. Between July 

8th-9th of 2020, siliques from all remaining A. petiolata plants and the shoots of all 

remaining A. saccharum plants were harvested. Plant material was then dried and the dry 

mass of A. petiolata siliques were used to indicate reproductive output (i.e., fecundity) 

and the shoot mass of A. saccharum was used to indicate performance at the end of year 

2.  
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2.5 Statistical analyses 

2.5.1 Data transformations 

Independent variables were log-transformed as needed for non-normal data and 

all dependent and independent continuous variables were standardized by subtracting the 

mean and dividing by the standard deviation. This standardization results in a mean 

centered around zero and data expressed in units of standard deviation. This is commonly 

done to fitness data because the predicted response to selection is a function of relative 

variation in fitness. For example, if a 1 unit increase in glucosinolate production results in 

a 1g increase in fecundity, this may seem like a lot but may in fact only represent a 0.01 

standard deviation increase in fecundity and be relatively unimportant. It also facilitates 

the comparison of variables with different units or scales. For example, this can be useful 

to determine if interspecific competition affected A. petiolata fecundity or A. saccharum 

shoot mass more. 

Standardizing the independent variables offered the same benefits as 

standardizing the dependent variables, but also improved model inference. When using 

two or more continuous independent variables in a regression, each variable is provided 

with a partial regression coefficient, which determines the correlation between an 

independent and dependent variable when all other independent continuous variables are 

held constant (Scheiner et al. 2000). The key here is that computationally, the other 

variables are held constant at a value of zero. Without standardizing the variables, this 

can result in non-sensical results; for example, in a regression where chlorophyll A 

production and glucosinolate production predict fitness, without standardization, the 

model would estimate the effect of glucosinolate production on fitness when there is no 
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chlorophyll present in the leaf – which does not make biological sense. In contrast, 

standardized variables have a mean at zero, therefore, the model predicts the effect of 

glucosinolate production on fitness given the mean chlorophyll A production of the 

population. Importantly, standardizing independent variables does not affect the test 

statistic or p-value (Crawley 2007).  

2.5.2 Principal component analyses 

Glucosinolate, flavonoid and chlorophyll A compounds are produced in leaf tissue 

and may all be produced in higher concentrations when more nutrients are available. 

Multicollinearity in regression analysis can result in p-values and coefficients which are 

unreliable, shared among correlated variables, and susceptible to small changes in the 

data (Crawley 2007). To test for correlation among glucosinolate, flavonoid and 

chlorophyll A, I used linear regressions (see Fig. B1). I then used a PCA to obtain 

biologically relevant variables that reflect the chemical profile in the leaf tissue of a plant. 

These variables were used instead of glucosinolate, flavonoid and chlorophyll A 

concentrations in linear models to eliminate the issues associated with multicollinearity. 

The variable “leaf quality” was developed, which represents the production of 

glucosinolate, flavonoid and chlorophyll A, and explains most of the variation in these 

compounds. Two other variables were developed to represent the production of 

glucosinolates or flavonoids relative to chlorophyll A. These variables are relative 

glucosinolate investment (RGI), and relative flavonoid investment (RFI) and explain a 

small amount of the total variation in glucosinolate, flavonoid and chlorophyll A 

production.  
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Two other PCAs were conducted to summarize the initial transplant size 

measurements of A. saccharum, and the bolt size measurements of A. petiolata. For the 

measure of initial A. saccharum size, the PCA consisted of all three initial (i.e. stem 

height, largest leaf length and number of leaves) and final measurements of A. saccharum 

shoot mass (i.e. stem height, number of leaves and total leaf area) in the first growing 

season. For the measure of A. petiolata bolt size, the PCA consisted of all four A. 

petiolata second-year shoot measurements (i.e., bolt height, number of leaves, largest leaf 

length and width).  

2.5.3 Model selection 

In the fertilizer treatment, only the fertilizer and competition treatment effects 

were of interest. The effect of fertilizer and treatment on shoot mass and glucosinolate, 

flavonoid, and chlorophyll A concentration were assessed using two-way ANOVAs. In 

the main experiment, I needed to compare the effects of many independent variables (i.e., 

treatment, leaf chemistry traits, life history traits, pathogen and fern abundance, 

competitor traits, greenhouse and field location, and seed family) on five dependent 

variables (i.e., rosette size, survival, fecundity, A. saccharum TLA in year 1 and shoot 

mass in year 2). For this reason, I used backwards model selection and likelihood ratio 

tests to determine significance between models. Backwards model selection involves 

starting with a maximum model including all hypothesized effects. From the maximum 

model, I sequentially determined if removing an effect from the model significantly 

worsened the model’s predictive power, based on a likelihood ratio test with a χ 2 

distribution and degrees of freedom equal to the number of parameters removed from the 

model. If significant, the term was retained in the model, otherwise it was removed. 
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Stepwise deletion continued until all variables were assessed. This yielded the minimum 

adequate model (MAM), which contained only significant predictor variables. This 

method eliminates type-1 error inflation associated with independently assessing the 

association between many independent variables and a single dependent variable 

(Crawley 2007). I started by first assessing the random effects of family, greenhouse and 

field location, then the nuisance effects of pathogens and ferns, and then other effects of 

interest, such as leaf chemistry traits. 

Generalized linear mixed effects models were used to fit and test all linear 

models, using the package glmmTMB in R (R Core Team 2014; Brooks et al. 2017). I 

calculated selection gradients with the three measures of success (i.e., rosette size, 

survival and fecundity as response variables). Selection gradients are partial regression 

coefficients that estimate the direct relationship between a trait and fitness (e.g., 

fecundity) by holding all other traits in the analysis constant (Lande and Arnold 1983). 

For this reason, I included other correlated traits to assess direct selection on 

glucosinolate, flavonoid and chlorophyll A production. Specifically, selection gradients 

represent direct selection on the plant traits leaf quality, RGI and RFI, growth rate, rosette 

size and bolt size, and account for the nuisance variables of pathogen damage, field and 

greenhouse location, and fern abundance.  

2.5.3.1 Selection on A. petiolata traits and the effects of treatment, pathogens and fern on 

A. petiolata  

I determined selection acting on leaf quality, RGI and RFI in each treatment, for 

each of the three measures of fitness (rosette size, survival and fecundity). In terms of 

rosette size, the maximum model from which backwards selection commenced was:  



 

35 
 

(2. 4) 

𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒 = 	 (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦) + (𝑇 ∗ 𝑅𝐺𝐼) + (𝑇 ∗ 𝑅𝐹𝐼) + (𝑃6 ∗ 𝑃- ∗ 𝑃7) +

𝐹𝑒𝑟𝑛 + 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 + 𝑅𝐺𝑅1 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ     

where 𝑇 denotes “treatment” (i.e. alone, interspecific and intraspecific), 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 

denotes the leaf area of the sampled leaf from which plant tissue was sampled, 𝑅𝐺𝑅1 

denotes the first relative growth rate value, 𝐺𝐻	𝑏𝑒𝑛𝑐ℎ denotes the greenhouse bench 

where each plant was grown, 𝐹𝑎𝑚𝑖𝑙𝑦 denotes the seed family of the plant, 𝑃 represents 

“pathogen” and subscripts denote the type of pathogen (i.e. black pathogen abundance, 

thrip damage and powdery mildew presence correspond to subscripts 1, 2 and 3). The 

symbol * represents an interaction as well as all lower order effects. For example, 𝑃6 ∗

𝑃- ∗ 𝑃7 denotes the three-way interaction between all three pathogens, all possible two-

way interactions between these variables (there are three possible combinations), and the 

main effect of each pathogen. The last two variables with a preceding “1|” represent a 

random effect.  

Two-way interactions between treatment and leaf quality, treatment and RFI, and 

treatment and RGI were included to test for treatment-dependent selection gradients. A 

three-way interaction between all three pathogens was included to test for synergistic and 

antagonistic effects of pathogen on performance and fitness. 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 was included as 

a covariate to account for the confounding autocorrelation between leaf size and rosette 

size: The size of the sampled leaf was part of the measurement of TLA (rosette size). This 

is problematic because many variables may be influenced by leaf size. For example, 

secondary compounds can be diluted in larger leaves (Cipollini and Gruner 2007); larger 

leaves can take on more pathogen damage; and larger, older leaves may provide more 
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opportunity for infection by powdery mildew fungus. If these variables are correlated 

with leaf area, they would be autocorrelated with rosette size. Including leaf area controls 

for the variation in rosette size explained by leaf area and thus eliminates the connection 

between relevant traits and rosette size. 

The model predicting A. petiolata survival followed mostly the same format but 

used a binomial error distribution. In addition, 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 was removed and rosette size 

was included as a predictor to determine whether performance in year 1 affected survival. 

The field location of the plant (i.e. field column and field row) were also included as 

random effects because survival measurements occurred after plants had been moved to 

the field: 

(2. 5) 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 	 (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦) + (𝑇 ∗ 𝑅𝐺𝐼) + (𝑇 ∗ 𝑅𝐹𝐼) + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛

+ 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒 + 𝑅𝐺𝑅1 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ + 1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤

+ 1|𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙 

where	𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙 denotes the field column. The model predicting fecundity incorporated 

the same variables as in the survival model, but also included the additional variable “bolt 

size”. Bolt size was not included in the survival model because it was measured after 

mortality took place and before the fecundity measurement:  

(2. 6) 

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	 (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦) + (𝑇 ∗ 𝑅𝐺𝐼) + (𝑇 ∗ 𝑅𝐹𝐼) + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛

+ 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒 + 𝐵𝑜𝑙𝑡	𝑠𝑖𝑧𝑒 + 𝑅𝐺𝑅1 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ

+ 1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤 + 1|𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙 
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The effect of fern abundance was re-assessed separately. Fern abundance was 

recorded in each pot, and as there were two plants per pot in the intraspecific treatment, 

fern data from this treatment was pseudo-replicated. Data were averaged to the pot level 

in the intraspecific treatment only and then merged with the other (unchanged) data. The 

effect of fern abundance on performance, survival and fecundity were assessed using this 

data. Coefficients and p-values of fern effects come from the modified data, whereas 

other coefficients come from the models included above.   

To understand the average effect of inter- and intraspecific competition on A. 

petiolata, the effect of treatment on rosette size, survival and fecundity were calculated 

by removing plant traits from the previous models. Therefore, the models only contained 

random effects, treatment, and the significant effects of fern and pathogen damage if 

present. Pathogens and fern abundance were included in models when significant as they 

can directly influence fitness and are thus important variables to account for when 

assessing treatment effects. For example, if the interspecific treatment has more thrip 

damage than other treatments and thrip damage reduces fitness, the predicted effect of 

intraspecific competition would be reduced. In contrast, including plant traits as 

predictors would result in multicollinearity and produce inaccurate results. This is 

because many plant traits will also respond to treatment just as performance and 

fecundity measurements do. For example, if leaf quality exhibits a response to treatment, 

then using leaf quality and treatment as predictors in a model of fecundity will result in 

some treatment variation being explained by the variable treatment, and some by the 

variable leaf quality. This multicollinearity would reduce the apparent effect of treatment 
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by dispersing the effect of treatment across predictors, giving an inaccurate estimate of 

treatment effects.  

2.5.3.2 Effects of treatment, fern and pathogen damage on Acer saccharum  

It was also important to understand how pathogen damage, ferns, and treatment 

influenced A. saccharum performance. To determine this, maple performance in year 1 

and 2 were the dependent variables models predicted by treatment (i.e., maple control vs. 

interspecific competition), initial maple size, pathogen damage, and fern abundance as 

fixed effects and greenhouse bench as a random effect: 

𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6 =	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒8 + 𝑇9 + 𝐹𝑒𝑟𝑛 +𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ (2. 7) 

𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒- =	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒8 + 𝑇9 + 𝐹𝑒𝑟𝑛 +𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ (2. 8) 

where 𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6 denotes A. saccharum TLA at the end of year 1 and 𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒- 

denotes shoot biomass at the end of year 2. 𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒8 is the principal component 

denoting initial maple size, 𝑇9 denotes treatment (i.e. the maple alone or interspecific 

treatment) and 𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 describes the proportion of damaged leaves on the plant. 

Initial maple size was important to control for because A. saccharum were of different 

sizes in the beginning of the experiment.  

2.5.3.3 Effects of neighbor Acer saccharum traits on focal Alliaria petiolata  

Aside from the average effects of treatment, the traits of competitors (i.e., 

neighbors in the same pot) could also affect the performance and fitness of A. petiolata 

and A. saccharum. For example, A. saccharum were of different sizes and A. petiolata of 

different sizes, leaf chemistry profiles, and seed families. The effects of competitor traits 

are referred to within-treatment effects, because they are assessed using data from only 
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one treatment. The following model assessed the effect of A. saccharum on A. petiolata 

performance using the interspecific treatment data:  

 (2. 9) 

𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒 = 	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6,; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ 

where the subscript “N” denotes a neighbor’s (i.e. the competitor in the same pot) trait. 

Only A. saccharum size in year 1 was included in the model, as maple shoot mass in year 

2 could not affect rosette size in year 1. I assessed the influence of A. saccharum on A. 

petiolata survival with this model:  

(2. 10) 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6,; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ

+ 1|𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙 + 1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤 

where the effect of field column and row are now added to the model because survival 

was recorded in the field. Acer saccharum shoot mass in year 2 is not included in the 

model because it was measured at the end of year 2 whereas A. petiolata mortality took 

place at the beginning of year 2. I assessed the  

the influence of A. saccharum on A. petiolata fecundity using this model:   

(2. 11) 

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6,; +𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒-,; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 + 1|𝐹𝑎𝑚𝑖𝑙𝑦

+ (1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ) + (1|𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙) + (1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤) 

 

where the size of A. saccharum in year 1 and 2 were assessed because both of these traits 

may have contributed to the final fecundity of A. petiolata.  
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2.5.3.4 Effects of neighbor Alliaria petiolata traits on focal Alliaria petiolata  

In this section, I discuss the models used to assess the effect of a neighboring A. 

petiolata plant on a focal A. petiolata plant. The following three models were assessed 

using only data from the intraspecific competition treatment. I assessed the within-

treatment effects of intraspecific competition on rosette size with this model:  

(2. 12) 

𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 + 1|𝐹𝑎𝑚𝑖𝑙𝑦

+ 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ	 

where neighbor rosette size and family predict the focal plant’s rosette size. The variable 

neighbor family (𝐹𝑎𝑚𝑖𝑙𝑦;) reflects genetic variation for competitive ability that is not 

captured by rosette size. I assessed the within-treatment effects of intraspecific 

competition on survival using this model: 

(2. 13) 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛

+ 1|𝐹𝑎𝑚𝑖𝑙𝑦 

where neighbor survival (𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙;) is now added to the model. Neighbor survival 

indicates whether or not a plant is more or less likely to survive, depending on whether 

the competitor survived or not. Due to low sample size in the intraspecific treatment, field 

and greenhouse effects were eliminated from the model because the model would not 

converge with any more parameters. I assessed the influence of intraspecific competition 

on fecundity using this model: 

(2. 14) 
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𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙; + 𝐵𝑜𝑙𝑡	𝑠𝑖𝑧𝑒; + (𝑃6 ∗ 𝑃- ∗ 𝑃7)

+ 𝐹𝑒𝑟𝑛 + 1|𝐹𝑎𝑚𝑖𝑙𝑦 

 

where neighbor bolt size is now added to the equation because this variable was recorded 

after mortality took place but before fecundity measurements and, therefore, could have 

influenced fecundity. Like the last model, random effects of field and greenhouse were 

omitted from this analysis due to low sample size.  

2.5.3.5 Effects of neighbor Alliaria petiolata traits on focal Acer saccharum performance 

Lastly, I discuss the effect of A. petiolata traits on A. saccharum. Selection 

gradients on putative allelochemicals were calculated with Equation 2-4, 2-5 and 2-6, 

however, a positive selection gradient for allelochemical production in the interspecific 

treatment is not sufficient to conclude that selection acted in response to allelopathy. In 

agreement with the allelopathy hypothesis, secondary compounds are only predicted to 

benefit A. petiolata through the intermediate, detrimental effect on A. saccharum. For this 

reason, allelopathy mediated selection can be confirmed by (1) a negative effect of 

glucosinolate or flavonoid concentration on maple performance, and (2) a negative effect 

of maple performance on A. petiolata fitness (Kingsolver and Schemske 1991; Scheiner 

et al. 2000). The following two models were assessed using only data from the 

interspecific competition treatment. I assessed the effect of A. petiolata on A. saccharum 

TLA in year 1 with the following model:  

(2. 15) 
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𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6 	= 	𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦; + 𝑅𝐺𝐼; + 𝑅𝐹𝐼; + 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑠𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦;

+𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 +𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 + 𝐹𝑒𝑟𝑛 + 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ 

 

where the effect of A. petiolata secondary compounds (i.e., leaf quality, RGI, RFI), 

rosette size and seed family predicted A. saccharum TLA in year 1. I assessed the effect 

of A. petiolata on A. saccharum shoot mass in year 2 with the following model: 

(2. 16) 

𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒- = 	𝐿𝑒𝑎𝑓	𝑄𝑢𝑎𝑙𝑖𝑡𝑦; + 𝑅𝐺𝐼; + 𝑅𝐹𝐼; + 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦;

+ 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙; + 𝐵𝑜𝑙𝑡	𝑠𝑖𝑧𝑒; +𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 +𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒8 + 𝐹𝑒𝑟𝑛

+ 1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ + 1|𝐹𝑖𝑒𝑙𝑑	𝑐𝑜𝑙 + 1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤 

 

where bolt size and field location have now been added to the model as these 

measurements were taken after A. saccharum was moved to the field.  

 

2.5.4 Estimating genetic variation, plasticity and genetic variation for plasticity 

A mixed model analysis was performed on all A. petiolata traits in order to 

calculate genetic variation, plasticity, and genetic variation for plasticity. To do this, a 

variance component analysis was performed on each trait. Each trait (i.e., chlorophyll A, 

glucosinolate and flavonoid production, leaf quality, RGI, RFI, rosette size, bolt size, 

RGR1, survival and fecundity) was used as the dependent variable in a mixed model with 

family, treatment, and a family-by-treatment interaction as random effects. For each trait, 

the percent of variation explained by seed family (genetic variation), treatment 
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(environmental variation/plasticity) and family-by-treatment interactions (genotype by 

environment/genetic variation for plasticity) was deduced. The amount of variation 

explained by seed family denotes the total genetic variation of the trait, as this is the 

percent of variation attributable to genetic variation. Likewise, the amount of variation in 

a trait explained by treatment represents plasticity, because this is the amount of variation 

that responded to treatment. A treatment-by-family interaction creates another set of 

parameters to allow each family to exhibit a unique response to treatment. Therefore, a 

family by treatment interaction represents genetic variation for plasticity. 

The significance of each variable was assessed using a likelihood ratio test. Leaf 

area of the sampled leaf was used as a fixed effect in models involving glucosinolate, 

flavonoid, and chlorophyll A expression, leaf quality, RFI and RGI, as leaf size 

influenced these variables. Greenhouse bench, field row and field column were used as 

fixed effects in models where significant and appropriate (i.e., field measurements were 

only used as a predictor on traits that were measured in year 2). To obtain mean values 

and confidence intervals around the mean, leaf quality, RFI, and RGI were also used in a 

model with treatment and leaf area of the sampled leaf as a fixed effect. This analysis 

allowed the mean expression in each treatment to be determined and parametric 

confidence intervals to be calculated after accounting for leaf area. In these models, 

treatment and leaf area were used as fixed effects and greenhouse bench was a random 

effect. 
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Chapter 3 

Results 

3.1 General results 

Mortality in the greenhouse was 2.04% for A. petiolata and 1.02% for A. 

saccharum in year 1. However, this increased after plants were moved into the field, 

where mortality increased more for A. petiolata (69.66%) than for A. saccharum (6.70%). 

In general, A. petiolata performed better in the alone treatment than in competition, with 

those in intraspecific competition suffering the most. Individuals facing intraspecific 

competition had the lowest growth rate, performance and fecundity and had the highest 

mortality in the greenhouse (Table 1). For example, mean rosette size was 9562.91cm2 in 

the alone treatment, 8547.18cm2 in the interspecific competition treatment and only 

5119.92cm2 in the intraspecific treatment; mean fecundity was 3.13g in the alone 

treatment, 1.78g in the interspecific treatment and only 1.07g in the intraspecific 

treatment. Similarly, A. saccharum tended to perform better when grown alone in terms 

of performance in year 1 (i.e., TLA) and 2 (i.e., shoot mass), although A. saccharum was 

also initially larger in the control treatment (Table 2; for a visualization, see Fig. B6). For 

example, mean A. saccharum shoot mass in year two was 1.18g in the alone treatment but 

only 0.72g in the interspecific treatment.   

In terms of leaf chemistry traits, chlorophyll A, glucosinolate and flavonoid 

production were higher in the alone treatment than in the inter- and intraspecific 

treatments. For example, mean glucosinolate production was 0.22mg/mL in the alone 

treatment, but only 0.18mg/mL and 0.20mg/mL in the inter- and intraspecific treatments, 

respectively. Unlike the biomass and fecundity results above, chlorophyll A and 
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glucosinolate production were higher in the intraspecific treatment than in the 

interspecific treatment. For example, chlorophyll A concentration was 0.34µg/mL in the 

intraspecific treatment but only 0.30µg/mL in the interspecific treatment. It is important 

to note, however, that leaf area of the sampled leaf (i.e., the area of the leaves from which 

leaf chemistry was measured) was also smaller in the intraspecific treatment than the 

other treatments. Leaf area of the sampled leaf was only 2140.96cm2 in the intraspecific 

treatment compared to 3235.20cm2 and 3193.63cm2 in the alone and interspecific 

treatment, respectively (Table 1).  

Pathogen damage on A. petiolata was distributed fairly evenly across treatments. 

Thrip damage was slightly higher in the intraspecific treatment (4.38 spots/leaf) than in 

the alone and interspecific treatments (2.87 and 2.82 spots/leaf, respectively). Powdery 

mildew infection occurred more frequently in the alone treatment (35.10% of plants were 

infected) than in the inter- and intraspecific treatments (20.80% and 26.80% of plants 

were infected, respectively) (Table 1).  

Acer saccharum suffered slightly more herbivore damage during interspecific 

competition. The mean number of leaves damaged per plant was 0.72% in the 

interspecific treatment compared to 0.53% in the maple alone treatment (Table 2). 

Interestingly, fern abundance was much higher in pots that contained A. saccharum, for 

example, the average abundance was 0.56 and 0.65 ferns per pot in the alone and 

intraspecific treatments, respectively, but in the interspecific treatment, fern abundance 

was nearly twice as high, at 1.18 ferns per pot, and in the maple alone treatment, fern 

abundance averaged 8.38 ferns per pot (Table 1 and 2).  
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Table 1. Summary statistics of Alliaria petiolata characteristics for each of the three 
competition treatments.  

Characteristic Alone Interspecific Intraspecific 
Greenhouse mortality 1.76% (3-170) 1.20% (2-167) 3.74% (7-187) 
Field mortality 65.27% (109-167) 73.619% (120-163) 68.18% (120-176) 
RGR1 (ln(pixels)/sec)* 1.07 ± 0.06 1.01 ± 0.07 0.70 ± 0.05 
Rosette size (cm2)  9562.91± 473.87 8547.18 ± 499.17 5119.92 ± 384.19 
Fecundity (g) 3.13 ± 0.84 1.78 ± 0.83 1.07 ± 0.38 
Glucosinolate (mg/mL) 0.22 ± 0.010 0.18 ± 0.013 0.20 ± 0.010 
Flavonoid (mg/mL) 0.11 ± 0.0049 0.10 ± 0.0053 0.10 ± 0.0057 
Chlorophyll A (µg/mL) 0.39 ± 0.02 0.30 ± 0.019 0.34 ± 0.028 
Leaf area of sampled leaf (cm2) 3235.20 ± 167.03 3193.63 ± 160.18 2140.96 ± 123.20 
Black pathogen damage (N) 1.60 ± 0.55 1.08 ± 0.41 1.64 ± 0.66 
Thrip damage (N) 2.87 ± 0.61 2.82 ± 0.63 4.38 ± 1.49 
Powdery mildew presence 35.10% (53-151) 20.80% (31-149) 26.80% (41-153) 
Fern abundance (N) 0.56 ± 0.33 1.18 ± 0.51 0.65 ± 0.50 
Data in brackets denote the fraction used to calculate the percent. Plus or minus (±) 
values denote Wald’s 95% confident interval (CI) around the mean in each treatment. 
* RGR1 denotes the first relative growth rate. All data are ×10-6. 
 

Table 2. Summary statistics of Acer saccharum characteristics for each of the two 
competition treatments.   

Characteristic Maple alone Interspecific 
Greenhouse mortality 6.45% (2-31) 1.79% (3-167) 

Field mortality 6.89% (2-29) 6.13% (10-163) 

Initial Size (PC1) 1.02 ± 0.57 -0.19 ± 0.24 
TLA year 1 (cm2) 7785.55 ± 1307.07 4612.42 ± 406.88 
Shoot mass year 2, (g) 1.18 ± 0.13 0.72 ± 0.05 
Leaf damage* 0.53 ± 0.13 0.72 ± 0.05 
Fern abundance (N) 8.38 ± 2.6 1.18 ± 0.51 

Data in brackets denote the fraction used to calculate the percent. Plus or minus (±) 
values denote Wald’s 95% confident interval around the mean. 
* Damage was calculated per plant. The proportion displayed therefore represents the 
mean proportion of leaves damaged per plant and the 95% confidence interval around this 
mean. 
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3.2 Principal component analysis 

A PCA was performed on the variables glucosinolate, flavonoid and chlorophyll 

A for the purpose of creating uncorrelated, but biologically meaningful variables that can 

be used in analyses. The first principal component (PC1), representing leaf quality, 

accounted for the majority (73%) of the variation in glucosinolate, flavonoid, and 

chlorophyll A production. All three variables had positive loadings, meaning that they 

were all positively correlated with one another. The second principal component, 

representing relative flavonoid investment (RFI), accounted for 16% of the total 

variation, had a large positive loading for flavonoid production and a large negative 

loading for chlorophyll A production, but had a small loading for glucosinolate 

production. The third principal component, representing relative glucosinolate investment 

(RGI), accounted for 10.8% of the total variation, had a large positive loading for 

glucosinolate production and a large negative loading chlorophyll A production, but had a 

small loading for flavonoid production (Table 3).  

 

Table 3. Principal component analysis of leaf traits in Alliaria petiolata. 

Principal 
component 

Loadings Proportion of 
variance 

 Glucosinolate Flavonoid Chlorophyll 
A 

 

PC1 (Leaf Quality) 0.59 0.55 0.59 0.73 
PC2 (RFI) -0.24 0.82 -0.52 0.16 
PC3 (RGI) 0.77 -0.16 -0.62 0.11 
 

 

Two other PCAs were conducted to summarize the initial size measurements of A. 

saccharum, and the bolt size measurements of A. petiolata. The first PCA was used to 
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summarize the initial measurements of A. saccharum size. It consisted of all three initial 

measurements (i.e., stem height, largest leaf length and number of leaves) and final 

measurements of A. saccharum shoot mass (i.e., stem height, number of leaves and TLA) 

in the first growing season. The first principal component, representing the initial size of 

A. saccharum, had positive loadings for all six variables and explained 41.0% of the total 

variation in these 6 traits (Table B2). The second PCA was used to summarize the bolt 

size measurements of A. petiolata and consisted of the 4 traits measured in year 2 (i.e., 

bolt height, number of leaves, largest leaf length and width). The first principal 

component, representing bolt size, accounted for 91.2% of the total variation in these 4 

traits and also had positive loadings for each variable (Table B3).  

3.3 Trait selection and allelopathy 

3.3.1 Selection gradients of leaf traits    

I used Lande-Arnold (1983) selection gradients, which estimate the partial 

regression coefficients (PRC) of multiple traits in a single model with fitness as the 

dependent variable. In this context, the PRC of a trait denotes the expected change in 

fitness per standard deviation change in the trait. Selection gradients were obtained from 

models of rosette size, survival and fecundity (MAMs can be found in Table B1 

corresponding to models 1, 2, and 3). In the model of rosette size (TLA), leaf area of the 

sampled leaf was positively (+0.51) correlated with rosette size (χ2=118.4, p < 0.001), 

and the random effect of greenhouse bench was a significant predictor of rosette size (χ2= 

6.37, p=0.01). In terms of survival, the random effect of field row (χ2 = 5.1, p=0.02) and 

family (χ2 = 10.7, p = 0.001) were significant. There were no significant random effects 

in the model that predicted fecundity. 
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In models of rosette size and fecundity, leaf quality (PC1; indicative of 

glucosinolate, flavonoid and chlorophyll A production), interacted significantly with 

treatment (Table 4). In both models, leaf quality exhibited a significantly positive 

selection gradient only in the interspecific treatment (Table 5). In the interspecific 

treatment, a 1 standard deviation (σ) increase in leaf quality resulted in a +0.30σ increase 

in rosette size (TLA) (z=2.3, p=0.02; Fig. 1a), and a +0.73σ increase in fecundity (z=2.9, 

p=0.004; Fig. 1b). Leaf quality (PC1) was not a significant predictor of survival (p=0.06).  

In contrast, RFI (PC2) was not a significant predictor of either rosette size or 

fecundity but interacted significantly with treatment in the model predicting A. petiolata 

survival (Table 4). In this model, RFI exhibited a negative selection gradient in the inter- 

and intraspecific treatments only. The model estimated that a 1σ increase in RFI would 

decrease the likelihood of survival by –0.30 log odds in the intraspecific treatment (z = –

2.2, p = 0.03) (equivalent to reducing the probability of survival by 57.4%) and reduce 

the likelihood of survival by -0.50 log odds in the interspecific treatment (z = –2.7, p = 

0.006) (equivalent to reducing the probability of survival by 62.2%) (Table 5). Unlike the 

other two leaf chemistry variables, RGI (PC3) was not a significant predictor of rosette 

size, survival or fecundity (Table 4).  

3.3.2 Selection gradients of other traits 

The influence of RGR1 (i.e., the first relative growth rate measurement) on A. 

petiolata rosette size, the effect of rosette size and RGR1on survival, and the effect of 

rosette size, bolt size and RGR1 on fecundity were also assessed in the same models (i.e. 

models 1, 2, and 3 in Table B1) that assessed leaf chemistry traits above. I did not detect 

a significant effect of rosette size in models that predicted survival (χ2 = 2.3, p = 0.13) or 
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fecundity (χ2 = 1.2, p = 0.27). Furthermore, relative growth rate was not a significant 

predictor of rosette size, survival or fecundity (Table 4). In contrast, bolt size was 

associated with fecundity, whereby a 1σ increase in bolt size was estimated to increase 

fecundity by +0.50σ (χ2 = 32.7, p < 0.001).  

 

Table 4. Selection gradients of Alliaria petiolata traits.  

Trait Rosette Size Survival  Fecundity  
 σ (χ2, p) log odds (χ2, p) σ (χ2, p) 
    
Leaf Quality (PC1) T×E (6.6, 0.04)* 0.28 (3.8, 0.06) T×E (8.2, 0.02) 
RFI (PC2) 0.27 (0.5, 0.48) T×E (6.9, 0.04) 0.14 (2.4, 0.13) 
RGI (PC3) 0.01 (0.0, 0.95) 0.31 (1.6, 0.21) -1.11 (1.4, 0.23) 
Rosette size N/A -0.21 (2.3, 0.13) 0.06 (1.2, 0.27) 
Bolt size N/A N/A 0.50 (32.7, < 0.001) 
Relative Growth Rate 0.02 (0.5, 0.49) -0.07 (0.01, 0.91) 0.05 (0.2, 0.69) 
Significant estimates (p < 0.05) are in bold.  
*T×E indicates a trait-by-environment interaction, with treatment-specific selection 
gradients shown in Table 5.  
 

Table 5. Selection gradients of Alliaria petiolata traits in a significant interaction 
with treatment.  

Trait Treatment Rosette Size Survival  Fecundity 
  σ (z, p) log odds (z, p) σ (z, p) 
     
Leaf Quality (PC1) Alone  0.07 (0.9, 0.36) N/A -0.39 (-1.96, 0.05) 

 Intraspecific 0.10 (0.4, 0.71) N/A -0.01 (1.5, 0.13) 
 Interspecific 0.30 (2.3, 0.02) N/A 0.73 (2.9, 0.004) 

RFI (PC2) Alone  N/A 0.41 (1.6, 0.10) N/A 
Intraspecific N/A -0.30 (-2.2, 0.03) N/A 
Interspecific N/A -0.50 (-2.7, 0.006) N/A 

Significant estimates (p < 0.05) are in bold.  
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Figure 2. Association of leaf quality (PC1) with Alliaria petiolata rosette size and 
fecundity.  
Green circles denote A. petiolata plants grown in the alone treatment, orange squares 
denote A. petiolata plants grown in the interspecific treatment and blue triangles denote 
A. petiolata plants grown in the intraspecific treatment. The colored lines show the 
estimated effect of leaf quality on rosette size and fecundity (i.e., selection gradients), 
with color corresponding to treatment. In the case where the effect was not significant, a 
slope of zero is shown to reflect the null hypothesis that the slope is equal to zero. 
 

3.4 Effect of pathogens and competition  

3.4.1 Effect of competition on Alliaria petiolata  

Both inter- and intraspecific competition reduced A. petiolata performance and 

fecundity, but A. petiolata was more affected by intra- than interspecific competition 

(Table 6). On average, intraspecific competition reduced rosette size by -1.12σ (χ2 = 

137.0, p < 0.001) and fecundity by -0.81σ (χ2 = 18.3, p < 0.001), whereas interspecific 

competition reduced rosette size by -0.36σ and fecundity by -0.51σ (χ2 = 18.3, p < 0.001). 

Treatment was not a significant predictor of survival (Table 6).  
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There were also significant effects of competitor traits on A. petiolata rosette size, 

survival and fecundity. The influence of competitor traits was assessed using data from 

only the interspecific treatment (i.e., models 4, 5 and 6 in Table B1) or intraspecific 

treatment (i.e. models 7, 8 and 9 in Table B1) and controlled for the significant effects of 

fern and pathogen abundance when present. Intraspecific competitor traits had a larger 

influence on A. petiolata than did interspecific competitor traits. In intraspecific 

competition, a 1σ increase in the rosette size of the competitor was estimated to reduce 

focal plant rosette size by -0.55σ (χ2 = 56.6, p < 0.001) and fecundity by -0.29σ (χ2 = 6.5, 

p = 0.01). In the interspecific treatment, a 1σ increase in A. saccharum TLA (year 1) was 

estimated to reduce A. petiolata rosette size by -0.24σ (χ2 = 13.74, p < 0.001) and 

fecundity by -0.09σ (χ2 = 5.4, p < 0.05).  

Acer saccharum size also reduced the likelihood of A. petiolata survival on 

average, whereby a 1σ increase in A. saccharum TLA (year 1) was estimated to reduce 

survival by -0.82 log odds (equivalent to reducing the probability of survival by 69%) (χ2 

= 11.5, p < 0.001). Oddly, neighbor A. petiolata size was associated with an increased 

likelihood of survival, whereby a 1σ increase in rosette size was estimated to increase 

survival by 1.1 log odds (equivalent to increasing the probability of survival by 75%) (χ2 

= 5.7, p = 0.02). Competitor size in the second year (i.e. bolt size and A. saccharum shoot 

mass in year 2) did not influence A. petiolata fecundity (Table 6).  

Other unmeasured competitor traits also affected A. petiolata survival and 

fecundity, resulting in genetic variation for intraspecific competitive ability. After 

accounting for neighbor size, the seed family of the neighbor A. petiolata plant was a 

significant predictor of both the focal A. petiolata plant’s survival (χ2 = 37.7, p < 0.05) 
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and fecundity (χ2 = 48.5, p < 0.001). Furthermore, neighbor survival was estimated to 

increase the likelihood of focal plant survival by 8.54 log odds (χ2 = 81.1, p < 0.001). 

This is equivalent to increasing the likelihood of survival by 99.98%.  In other words, if 

the neighbor survived, there was a good chance the focal plant also survived, and vice 

versa. This effect can be immediately observed in the raw data; for example, 90.3% of 

dead individuals in the intraspecific competition treatment also had dead neighbors, and 

79.2% of individuals that survived also had neighbors that survived. On the contrary, 

neighbor survival also reduced fecundity by a very large degree. Neighbor survival 

reduced fecundity by -1.64σ (χ2 = 13.9, p < 0.001). Therefore, while neighbor survival 

was associated with an increased probability of survival, it also greatly reduced fecundity 

in those that survived (Table 6).  

The effect of fern abundance on rosette size, survival and fecundity was assessed 

with models 1, 2, and 3 (Table B1). Fern abundance was associated with reduced rosette 

size. For example, a 1σ increase in fern abundance was estimated to reduce rosette size 

by -0.18σ (χ2 = 12.5, p < 0.001). In contrast, fern abundance increased the likelihood of 

A. petiolata survival. A 1σ increase in fern abundance was estimated to increase the 

likelihood of survival by 0.36 log odds (equivalent to increasing the probability of 

survival by 58.9% (χ2 = 14.1, p < 0.001). Fern abundance did not, however, affect 

fecundity.  

 

 

 

 



 

54 
 

Table 6. Effects of competition and pathogen infection on Alliaria petiolata 
performance and fitness. 

Competitor/Pathog
en trait 

Rosette Size Survival  Fecundity  

 σ (χ2, p) log odds (χ2, p) σ (χ2, p) 

    

A. saccharum (mean 
effect) 

-0.36 (137.0, < 0.001) -0.56 (5.00, 0.08) -0.51 (18.3, < 0.001) 

 A. saccharum TLA 
(Year 1) 

-0.24 (13.74, < 0.001) -0.82 (11.5, < 0.001) -0.09 (5.4, 0.02) 

A. saccharum shoot 
mass (Year 2) 

N/A N/A -0.11 (0.88, 0.35) 

A. petiolata (mean 
effect) 

-1.12 (137.0, < 0.001) -0.11 (5.00, 0.08) -0.81 (18.3, < 0.001) 

Rosette size -0.55 (56.6, < 0.001) 1.11 (5.7, 0.02) -0.29 (6.5, 0.01) 

Bolt size  N/A N/A -0.06 (0.66, 0.42) 

A. petiolata survival  N/A 8.54 (81.1, < 0.001) -1.64 (13.9, < 0.001) 

A. petiolata family* (23.2, 0.39)  (37.7, 0.02)  (48.5, < 0.001) 

Fern (Year 1 
abundance) 

-0.18 (12.5, < 0.001) 0.36 (14.1, < 0.001) -0.04 (0.33, 0.56) 

Thrip damage -0.07 (2.96, 0.08) 0.05 (0.0, 0.91) -0.04 (0.2, 0.65) 

Black pathogen 
damage 

-0.19 (24.5, < 0.001) 0.03 (0.0, 0.87) -0.11 (1.4, 0.23) 

Powdery mildew 
presence 

-0.19 (5.3, 0.02) -0.09 (0.2, 0.65) 0.08 (0.6, 0.42) 

Significant estimates (p < 0.05) are in bold.  
*This variable is categorical, and each genetic family may have different effects on the 
variable if significant. 
 

3.4.2 Effect of competition on Acer saccharum 

The average effect of treatment and fern abundance on A. saccharum TLA in year 

1 was obtained from a model that also included the initial transplant size of A. saccharum 
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and pathogen damage (model 10 from Table B1). The effects of treatment and fern 

abundance on A. saccharum shoot mass in year 2 were assessed in a model that included 

only initial size (model 11 from Table B1). Initial size was a significant predictor in both 

models. A 1σ increase in initial size was associated with a +0.65σ increase in A. 

saccharum TLA in year 1, and a +0.42σ increase in A. saccharum shoot mass in year 2. 

After controlling for the effect of initial size, A. saccharum was strongly affected by 

interspecific competition. On average, interspecific competition reduced A. saccharum 

TLA in year 1 by -0.62σ (χ2 = 19.01, p < 0.001) and shoot mass in year 2 by -0.87σ (χ2 = 

22.7, p < 0.001) (Table 7). Fern abundance significantly affected A. saccharum TLA in 

year 1 whereby a 1σ increase in fern abundance was predicted to reduce A. saccharum 

TLA by -0.13σ (χ2 = 6.8, p = 0.009). The effect of ferns, however, did not persist to 

influence A. saccharum shoot mass in year 2. 

To test for allelopathy and other competitive effects on A. saccharum, I analyzed 

whether leaf chemistry traits and life history traits of A. petiolata were associated with 

reduced A. saccharum performance in year 1 and 2. These effects were estimated from 

modelling A. saccharum TLA in year 1 with the initial size, fern abundance and leaf 

damage as covariates; and shoot mass in year 2 with initial size as a covariate (models 12 

and 13 in Table B1). After controlling for these effects and significant life history traits 

(outlined below), leaf quality (PC1) was negatively correlated with A. saccharum TLA in 

year 1 (χ2 = 7.4, p = 0.006), whereby a 1σ increase in leaf quality was estimated to 

decrease A. saccharum TLA by -0.20σ, consistent with allelopathy (Table 7; Fig. 2a). 

Contrary to predictions, however, RGI (PC3) was positively correlated with A. 

saccharum TLA in year 1, whereby a 1σ increase in RGI was estimated to increase A. 
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saccharum TLA by +0.16σ (χ2 = 11.4, p < 0.001; Fig. 2b). RFI (PC2) was not associated 

with A. saccharum TLA in year 1 and no leaf chemistry traits were associated A. 

saccharum shoot mass in year 2 (Table 3).  

Using the models just mentioned, neighbor rosette size did not affect A. 

saccharum TLA in year 1 but a 1σ increase in rosette size was estimated to reduce A. 

saccharum shoot mass in year 2 by -0.25σ (χ2 = 12.2, p < 0.001). Neither A. petiolata 

survival nor bolt size affected A. saccharum shoot mass in year 2. The within-treatment 

effect of A. petiolata seed family was also assessed as a predictor of A. saccharum TLA 

in year 1 and shoot mass in year 2 but was not significant; neither was the effect of A. 

petiolata survival on A. saccharum shoot mass in year 2 (Table 7).  

 

Table 7. Effects of competition, pathogen infection and transplant size on Acer 
saccharum performance in year 1 and 2. 

Trait Total leaf area (Year 1) Shoot mass (Year 2) 
 σ (χ2, p) σ (χ2, p) 
   
A. petiolata (mean effect) -0.62 (19.01, < 0.001) -0.87 (22.7, < 0.001) 
Rosette size (TLA) 0.04 (0.4, 0.51) -0.25 (12.2, < 0.001) 
Bolt size  N/A -0.06 (0.76, 0.38) 
A. petiolata survival  N/A 0.17 (0.02, 0.86) 
A. petiolata family* (24.5, 0.32)  (30.6, 0.10) 
Fern abundance -0.13, (6.8, 0.009) 0.05 (0.8, 0.36) 
Leaf Quality (PC1) -0.20, (7.4, 0.006) 0.02 (0.31, 0.58) 
RFI (PC2) 0.06 (1, 0.32) -0.14 (2.2, 0.14) 
RGI (PC3) 0.16 (11.4, < 0.001) 0.17 (1.9, 0.17) 
Leaf damage  -0.22 (9.5, 0.002) 0.05 (0.1, 0.76) 
Initial size of A. saccharum  0.65 (80.6, < 0.001) 0.42 (36.7, <0.001) 
Significant estimates (p < 0.05) are in bold.  
*This variable is categorical, and each genetic family may have different effects on the 
variable if significant. 
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Figure 3. The association of competitor leaf quality (PC1) and RGI (PC2) with Acer 
saccharum total leaf area in year 1.  
The y-axis denotes A. saccharum total leaf area in year 1, while the x-axis denotes leaf 
quality (PC1) (a) and relative glucosinolate investment (PC3) (b) of the competitor A. 
petiolata grown in the same pot. Data are displayed in units of standard deviation and 
lines show the partial regression coefficients. 
 

3.4.3 Pathogen effect on Alliaria petiolata and Acer saccharum  

The effects of pathogens on A. petiolata were assessed using models 1, 2 and 3 in 

Table B1. A 1σ increase in black pathogen damage was estimated to reduce rosette size 

(TLA) by -0.19σ (χ2 = 24.5, p < 0.001). The presence of powdery mildew infection 

elicited a similar negative effect, whereby presence of the fungus was estimated to reduce 

rosette size (TLA) by -0.19σ (χ2 = 5.3, p < 0.05). Neither of these pathogens affected 

survival or fecundity and thrip damage was not associated with rosette size, survival or 

fecundity (Table 6). 
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The effect of pathogen damage on Acer saccharum TLA in year 1 and shoot mass 

in year 2 using models 10 and 11 in Table B1. A 1σ increase in leaf damage was 

estimated to reduce A. saccharum TLA in year 1 by -0.22σ (χ2 = 9.5, p = 0.002). Like A. 

petiolata, however, the effect of pathogens did not carry through to year 2 as leaf damage 

was not a significant predictor of A. saccharum shoot mass (Table 7). 

3.5 Genetic variation and plasticity         

To determine the amount of variation in each trait attributable to plasticity, 

genotype and genotype-by-environment effects was assessed using a variance component 

analysis. Each A. petiolata trait was used as a dependent variable in a linear mixed-effects 

model with the random effects of treatment, seed family and a treatment-by-family 

interaction. Glucosinolate, flavonoid, and chlorophyll A were all affected by treatment: 

8% of each trait was explain by treatment (all p < 0.001; Table 8). Of these three 

variables, only glucosinolate production had detectable genetic variation, with 7.47% of 

glucosinolate variation being explained by seed family (χ2 = 14.0, p < 0.001). Leaf 

quality (PC1) exhibited no genetic variation while treatment accounted for 10.36% of 

variation (χ2 = 27.1 p < 0.001). A small proportion (~3%) of the variation in RFI (PC2) 

was explained by treatment and had no detectable genetic variation (Table 8). In contrast, 

RGI (PC3) was the trait with the most genetic variation in this experiment: 19.03% of the 

variation was explained by family (χ2 = 44.0, p < 0.001) and none of the variation in RGI 

was attributable to treatment. Leaf quality was highest in the alone treatment whereas RFI 

was highest in interspecific treatment (Fig. 3).  

Rosette size and relative growth rate did not exhibit any significant genetic 

variation, but a large amount of the variation was explained by treatment (26.72% and 
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10.36%, respectively; both p <0.001). While there was no genetic variation for fecundity, 

which was explained only by treatment, there was genetic variation for both survival and 

bolt size (Table 5). In fact, 15.72% of the variation in survival (χ2 = 22.0, p < 0.001) and 

7.57% of the variation in bolt size could be attributed to seed family (χ2 = 16.3, p < 

0.001). While a small proportion of the variation in bolt size could be attributable to 

treatment (2.18%), none of the variation in survival was influenced by treatment (Table 

5). I did not detect any genetic variation for plasticity (i.e. a treatment-by-family 

interaction) for any trait. 

 

Table 8. Percent of total trait variation predicted by family, treatment and family-
by-treatment interactions.  

Variables Family Treatment Family × Treatment 
 % (χ2, p) % (χ2, p) % (χ2, p) 
    
Chlorophyll A 2.21 (1.7, 0.19) 8.54 (27.1, < 0.001) < 0.1 (0, 1) 
Glucosinolate 7.47 (14.0, < 0.001) 8.78 (26.3, < 0.001) 3.02 (0.6, 0.43) 
Flavonoid < 0.1 (0, 1) 8.00 (16.2, < 0.001) < 0.1 (0, 1) 
Leaf quality (PC1) 2.31 (1.2, 0.27) 10.36 (27.1, < 0.001) < 0.1 (0, 1) 
RFI (PC2) 0.53 (0.3, 0.59) 3.1 (5.3, 0.02) 2.57 (0.3, 0.56) 
RGI (PC3) 19.03 (44.0, < 0.001) < 0.1 (0, 1) 0.94 (0.1, 0.78) 
Relative growth rate 0.43 (0.1, 0.70)  15.10 (65.9, < 0.001) < 0.1 (0, 1) 
Rosette size (TLA) 0.24 (1.0, 0.32) 27.46 (141.4, < 0.001) 2.78 (1.7, 0.19) 
Survival 15.72 (22.0, < 0.001) 0.24 (0.9, 0.77) < 0.1 (0, 1) 
Bolt size 7.57 (16.3, < 0.001) 2.18 (6.5, 0.01) < 0.1 (0, 1) 
Fecundity < 0.1 (0, 1) 10.0 (10.0, 0.002) < 0.1 (0, 1) 
Significant estimates (p < 0.05) are in bold.  
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Figure 4. Production of Alliaria petiolata leaf quality (PC1) and RFI (PC2) after 
controlling for leaf size.  
Points represent the estimate of the mean and bars represent Wald’s 95% confidence 
interval around the estimate.  
 

3.6 Fertilizer experiment 

The fertilizer experiment was designed to determine the effect of fertilizer 

application on A. petiolata in each treatment using two-way ANOVAs. In the fertilizer 

experiment, unlike the main experiment, the effect of treatment (i.e. the alone, inter- and 

intraspecific treatments) was not a significant predictor of glucosinolate, flavonoid, or 

chlorophyll A production. Although, the production of all three traits significantly 

increased with fertilizer application (glucosinolate: f = 76.35; p < 0.001; flavonoid: f = 

26.78; p < 0.001; and chlorophyll A: f = 245.75; p < 0.001) (See figures B3-B5 for a 

visualization). In the two-way ANOVA predicting A. petiolata shoot mass (year 1), 

competition and fertilizer were in a significant interaction (f = 21.88; p < 0.001). When 
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grown without fertilizer, intraspecific competition greatly reduced shoot mass, while 

interspecific competition did not have an effect. Interestingly, the effect of intraspecific 

competition on shoot mass was not reduced when fertilizer was added, in fact, the 

influence of intraspecific competition may have been exacerbated (Fig. 4).  

 

 

Figure 5. The effects of fertilizer application and competition on Alliaria petiolata 
shoot mass. 
Boxplots denote shoot mass in each of three competition treatments, from left to right: 
alone (green), intraspecific competition (blue), and interspecific competition with Acer 
saccharum (yellow).  
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Chapter 4 

Discussion 

4.1 Overview 

I measured selection on glucosinolate and flavonoid expression in three different 

competitive environments to determine whether or not selection is acting directly on 

these compounds in response to allelopathy. If selection is acting on allelochemicals, this 

would suggest that allelopathy is an important mechanism of competition and may 

facilitate A. petiolata invasion. I also measured the effects of A. petiolata and A. 

saccharum on each other to shed light on an important species interaction during A. 

petiolata invasion. In general, I found that selection acted on many correlated traits and 

there was very little total genetic variation for many of these traits, suggesting that 

although there may have been selective pressure, a response to selection is unlikely for 

many traits. While A. petiolata was the superior competitor in competition with A. 

saccharum, there is not strong evidence to suggest that allelopathy contributed to this.   

4.2 Evidence for allelopathy and selection for secondary compounds 

I found evidence to suggest that A. petiolata reduced interspecific competition 

through the allelopathic effects of glucosinolates and/or flavonoids. Leaf quality (PC1) 

represents the production of glucosinolates, flavonoids and chlorophyll A, as all loadings 

in the PCA were positive, and PC1 explained 73% of the total variation in these 

compounds. I found that leaf quality (PC1) of the A. petiolata competitor was correlated 

with reduced A. saccharum TLA in year 1 (Fig. 2). This may suggest that glucosinolates 

and/or flavonoids acted allelopathically to reduce A. saccharum performance. Supporting 
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this hypothesis, leaf quality was positively associated with both rosette size and fecundity 

in the interspecific treatment only (Fig. 1a, b). Taken together, these findings may suggest 

that secondary compounds reduced maple performance and that selection acted to favor 

allelochemical production because allelopathy reduced interspecific competition. If 

secondary compound investment was simply correlated with fitness, whereby stronger 

competitors obtained more nutrients and increased production, the positive selection 

gradients should also have been present in the alone and intraspecific treatments; 

however, this was not the case. This provides evidence for allelopathy and supports the 

novel weapons hypothesis (NWH). 

Alternatively, if interpreted differently, these results may not support allelopathy-

mediated selection. Rather than direct selection acting on glucosinolates and/or 

flavonoids, chlorophyll A may have been the primary trait under selection. If light was a 

driving factor in competition with A. saccharum (which stood taller than A. petiolata in 

this experiment, e.g., Fig. A4), the results surrounding leaf quality (PC1) may represent 

the benefit of chlorophyll A. That is, if chlorophyll A production increased competitive 

ability against A. saccharum, this would also explain why leaf quality was associated 

with reduced A. saccharum performance, and why leaf quality was positively correlated 

with rosette size and fecundity in the interspecific treatment. Competition for light in A. 

petiolata can be very strong and drive selection in natural populations (Davis et al. 2014). 

In this experiment, plants were shaded and only received natural light to simulate the 

forest understory. Therefore, light competition may have been fierce, especially with 

further shading from competitors. 
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Supporting the light competition hypothesis, selection gradients for RFI (PC2) 

were negative with respect to survival during intraspecific (p < 0.5) and interspecific 

competition (p < 0.01; Table 5). This means that selection favored a reduction in 

flavonoid investment and an increase in chlorophyll A investment in treatments with 

potential for light competition. These results highlight the importance of chlorophyll A 

investment on competitive interactions with A. saccharum, rather than the allelopathic 

effects of flavonoids. 

Also supporting the light competition hypothesis, selection may have acted 

against RGI (PC3) to increase the competitive ability of A. petiolata against A. 

saccharum. RGI was positively correlated with A. saccharum TLA in year 1 (p < 0.001; 

Fig. 3b) and A. saccharum TLA in year 1 was associated with reduced A. petiolata 

performance (p < 0.001), survival (p <0.001) and fecundity (p < 0.05) (Table 7). In a path 

analytical framework, this would be regarded as direct selection acting on RGI. Path 

analysis has been proposed to improve upon Lande-Arnold selection gradients by 

allowing variables to have direct effects on fitness through intermediate mechanisms. 

This framework is applicable to my experiment because allelochemicals and chlorophyll 

A are expected to increase fitness through the intermediate mechanism of improving 

competitive ability against A. saccharum. In a path analysis context, the selection 

gradient of RGI is equal to the product of the partial regression coefficient (PRC) of RGI 

on A. saccharum performance and the PRC of A. saccharum performance on A. petiolata 

fitness (Kingsolver and Schemske 1991; Scheiner et al. 2000). This approach was not 

used because the analysis is not easily applied to survival data, where PRCs are expressed 

in log-odds.  
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In any case, the significant positive correlation between RGI and A. saccharum 

TLA is consistent with glucosinolate investment decreasing, and chlorophyll A 

investment increasing, the competitive ability of A. petiolata against A. saccharum. There 

is strong evidence to suggest that glucosinolates are responsible for the allelopathic 

effects of A. petiolata (Stinson et al. 2006; Barto et al. 2011; Lankau 2011); therefore, the 

positive correlation between RGI and A. saccharum performance provides key evidence 

against the allelopathy hypothesis and for the light competition hypothesis 

Selection gradients can only distinguish between direct and indirect selection for 

traits that have been measured. Therefore, measuring important traits that are not 

necessarily the focus of the experiment can help improve inference and prevent erroneous 

conclusions (Lande and Arnold 1983). Chlorophyll A is an important trait because it is 

vital to plant growth and survival. I found that selection acted on all leaf chemistry traits, 

although there is more evidence to suggest that there was indirect selection on 

allelochemicals due to direct selection acting on chlorophyll A. While there is evidence 

that glucosinolates are under selection in natural populations (Lankau et al. 2009; Evans 

et al. 2016), my experiment shows how variation in chlorophyll A can confound 

estimates of selection.   

4.2.1 Limits on evolution 
Natural selection is necessary but not sufficient for adaptive evolution to occur. In 

order for there to be a response to selection, traits must be heritable. Specifically, the 

response to selection is equal to the product of narrow sense heritability and the selection 

differential (Arnold and Wade 1984; Matsumura et al. 2012; Pujol et al. 2018). The 

response to selection was not calculated in this experiment because additive genetic 
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variation could not be disentangled from dominant and epistatic genetic variation. 

However, I was able to assess total genetic variation, and I can conclude that traits 

without detectible genetic variation also exhibit no additive genetic variation. The lack of 

significant genetic variation in leaf quality and RFI suggests that evolution on either leaf 

quality or RFI through either of the previous mechanisms is unlikely (Table 8). RGI on 

the other hand, likely could respond to natural selection as it exhibited significant genetic 

variation (19.0%, p < 0.001).  

Past research demonstrating evolution on glucosinolate production in A. petiolata 

used population means to estimate glucosinolate production and first year biomass as a 

proxy for fitness. Evans et al., (2016) demonstrated positive selection for sinigrin 

production (a glucosinolate compound) during interspecific competition with the 

mycorrhizal herbaceous plant, Arisaema triphyllum and negative selection during 

intraspecific competition using 12 populations and a single sinigrin value for each 

population. While population means will likely vary for any trait, it is important to assess 

whether this variation is heritable to ensure it can respond to selection. We employed a 

similar experimental design but used 23 populations and estimated heritability and 

plasticity of total glucosinolate production. I found that glucosinolate production by itself 

exhibits little genetic variation (7.47%, p <0.001) and likely could not respond to 

selection.  

Importantly, a lack of evidence for adaptive evolution on a trait does not mean 

that the trait is not adaptive. For example, in this experiment, I did not detect direct 

selection on glucosinolate production, however, I cannot conclude that glucosinolate 

production is not adaptive due to allelopathy. It may be that the variation in glucosinolate 
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production was insufficient to be selected on because all levels of production produced a 

relatively equal allelopathic effect (which may have been strong or weak). In confirming 

the role of allelopathy in A. petiolata, a valuable experiment would be one where 

glucosinolate or flavonoid expression is knocked-out. Plants with and without the knock-

out mutation could then be grown with a susceptible competitor in both laboratory and 

natural populations. This would allow allelochemicals to be applied to soil at realistic 

concentrations to determine whether or not allelopathy occurs in A. petiolata.  

4.3 Plasticity and genetic variation  

I performed a PCA analysis of glucosinolate, flavonoid and chlorophyll A 

production to create three biologically relevant principal components. Leaf quality (PC1) 

represented the shared variation between glucosinolate, flavonoid and chlorophyll A 

investment. Leaf chemistry traits were highly correlated, because leaf quality accounted 

for 73% of the total variation in these traits. One explanation for the high trait correlation 

is genetic quality. Due to high inbreeding in A. petiolata, certain families may have 

accumulated deleterious recessive mutations, resulting in poor genetic quality and 

impaired production of primary and secondary compounds. Contrary to this prediction, 

the variance component analysis demonstrated that 10.3% of the variation in leaf quality 

was explained by treatment (p < 0.001), and there was no significant genetic variation (H2 

=2.3%). Therefore, the correlation between leaf chemistry traits was likely not due to 

genetic quality. Instead, the correlation was likely driven by nutrient availability because 

much of the variation in leaf quality was explained by treatment. Supporting this, all three 

compounds were reduced when nutrients were limited. Specifically, leaf quality was 

lowest in the intraspecific treatment, where competition was strongest, and production of 
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all three compounds increased significantly in response to fertilizer application. 

Interestingly, this has the implication that most of the variation in secondary compound 

expression was attributable to plastic responses to nutrient availability.  

High phenotypic plasticity can limit adaptive evolution by reducing variation in 

fitness and thus the efficiency of selection across environments; although, plastic 

responses themselves can be adaptive and be selected for (Snell-Rood et al. 2010). 

Plasticity in A. petiolata may be adaptive as the production of secondary compounds are 

decreased when nutrients are limited in order to reduce the relative cost of producing 

them. Optimum defense theory states that the cost of any trait is not constant across 

environments, because the cost of investment is relative to the amount of resources 

available (Fagerstrom et al. 1987). For example, if producing 1 glucosinolate molecule 

takes 2 glucose molecules, the cost of glucosinolate production is higher when the plant 

only has 4 glucose molecules compared to when it has 40. Cipollini & Lieurance, (2012) 

induced glucosinolate production in A. petiolata using jasmonic acid in high and low 

nutrient environments. They found that the cost of inducing glucosinolate production was 

greater in the low nutrient environment, consistent with optimal defense theory. 

Interestingly, they also found that jasmonic acid induced glucosinolate production to a 

lesser degree in the low nutrient environment than in the high nutrient environment. By 

reducing the production of glucosinolates when facing nutrient limitation, A. petiolata 

may reduce both allocation and opportunity costs, allowing a greater proportion of 

resources to be allocated to reproduction and competition, respectively (Koricheva 2002).  

There may be a genetic constraint on the production of glucosinolate and 

chlorophyll A production such that increasing the phenotypic value of one compound is 
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not possible without increasing the other. There is evidence these traits are linked through 

pleiotropy and linkage: Chen et al., (2012) down-regulated two genes involved in 

glucosinolate synthesis and found that 11 light-harvesting chlorophyll protein complexes 

were also down-regulated in Arabidopsis thaliana; and Qian et al., (2016) found strong 

linkage disequilibrium between genes involved in chlorophyll synthesis, chloroplast 

membrane synthesis and glucosinolate synthesis in Brassica Napus. In contrast, 

flavonoids appear to be able to be synthesized independently of chlorophyll (Kubasek et 

al. 1998; Misyura et al. 2013).  

The second principal component, RFI represented the flavonoid: chlorophyll A 

ratio. I did not detect significant genetic variation for flavonoid production or RFI. 

Instead, 8% of flavonoid production and 3% of RFI were significantly explained by 

treatment (p < 0.001 & p < 0.05, respectively). The environmental influence on 

flavonoids may have masked genetic variation for flavonoid production, although this 

trait may also be conserved across populations. There is as of yet little literature on 

genetic variation of flavonoid expression in A. petiolata. However, consistent with my 

study, Haribal & Renwick, (2001) did not detect genetic variation for flavonoid 

concentration. While they did find genetic variation for the type of flavonoids produced, 

my measurement of total flavonoid production did not capture this variation.   

The third principal component, RGI represents the glucosinolate to chlorophyll 

ratio. I detected moderate genetic variation for glucosinolate production (H2 = 7.4%, p < 

0.001), however, the glucosinolate to chlorophyll ratio, RGI, exhibited the highest genetic 

variation in the experiment (H2 = 19%, p < 0.001) despite only accounting for ~11% of 

the total variation in glucosinolate, flavonoid and chlorophyll A production. Furthermore, 
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treatment predicted 8.8% of variation in glucosinolate production but was not a 

significant predictor of RGI. For this reason, RGI may capture the genetic variation in 

glucosinolate expression and represent a genetic trade-off between investing more in 

glucosinolates or more in chlorophyll A. Because there is evidence of a genetic constraint 

on glucosinolate and chlorophyll production through pleiotropy and linkage 

disequilibrium, variation in the relative production of these two compounds may provide 

the basis of genetic variation for leaf glucosinolate production.  

If genetic variation for glucosinolate production is mainly expressed through the 

ratio of glucosinolate to chlorophyll A, genetic variation for glucosinolate production 

may be higher in nutrient rich environments where chlorophyll A production is saturated, 

providing more opportunity for evolution. Glucosinolate heritability was found to be as 

high as 70% when fertilizer application was present (Hillstrom and Cipollini 2011). 

While low nutrient availability may have limited genetic variation in my experiment, low 

nutrients may be more reflective of natural populations. For example, Cipollini (2002) 

found that glucosinolate production was significantly lower in the field than in the 

greenhouse, where plants received fertilizer. Furthermore, glucosinolate production 

varied significantly with nutrient availability in the field, suggesting that glucosinolate 

plasticity occurs in natural populations in response to nutrient availability. Therefore, the 

low estimate of glucosinolate heritability may be more reflective of heritability in natural 

populations and more accurately represent how glucosinolate production could respond to 

selection in natural populations.  

Genetic constraints may have limited the adaptive potential of glucosinolate, 

flavonoid and chlorophyll A plasticity. Alliaria petiolata was likely striving to increase 
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chlorophyll A production but not glucosinolate and flavonoid expression during 

interspecific competition. Supporting this, I observed selection acting to increase the ratio 

of chlorophyll A to secondary compounds (i.e., selection against RFI and RGI) and 

chlorophyll A production was 3.7-fold higher when fertilizer was applied. For this reason, 

down regulating glucosinolate and flavonoid expression in order to increase chlorophyll 

A investment in response to nutrient limitation would be beneficial. However, nutrient 

limitation impeding shared metabolic pathways would simultaneously result in limiting 

the production of all three compounds. For this reason, these traits may lack the 

independence necessary to elicit a unique response to nutrient availability. Because we 

observed selection acting to increase the ratio of chlorophyll A relative to glucosinolates 

and flavonoids, the ability to downregulate secondary compound production in order to 

free more resources for chlorophyll A production would be beneficial under limiting 

nutrients. Therefore, the selective pressure we observed could be considered as selection 

for modularity (or independence) of glucosinolate, flavonoid and chlorophyll A 

production (Pavličev and Cheverud 2015). In other words, selection may act to facilitate 

the independent expression of these compounds in order to freely down-regulate 

glucosinolate and flavonoid investment and increase chlorophyll A investment in 

response to nutrient limitation.  

4.4 Ecological relevance of allelopathy  

I was unable to sample root tissue in this project as destructive sampling would 

have prevented A. petiolata from completing its full two-year life cycle. By sampling leaf 

tissue, I assumed that there is a correlation between leaf and root glucosinolate and 

flavonoid production and/or that allelopathic compounds enter the soil through leaf litter. 
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Rosettes lost many of their leaves toward the end of the first growing season and leaves 

were left in the soil. Leaf litter has been suggested as the potential cause allelopathy in A. 

petiolata (Cipollini and Cipollini 2016) and many of the influential studies demonstrating 

allelopathy in A. petiolata used either leaf or whole plant extracts (Roberts and Anderson 

2001; Stinson et al. 2006; Callaway et al. 2008). Rodgers, Wolfe, et al. (2008) 

demonstrated that leaf tissue may have a larger influence on soil processes than do root 

exudates and Cipollini and Flint (2013) demonstrated that leaf extracts of A. petiolata 

exhibited much stronger (> 4-fold) allelopathic effects on three native species than did 

root extracts, and root extracts only exhibited allelopathic effects on 1 of 3 target species.   

While few studies of Alliaria petiolata include its complete life cycle, rosette size 

is often used as a proxy for fitness instead of survival and reproduction. Surprisingly, I 

found no correlation between rosette size and survival or fecundity, suggesting that 

performance in the first year is not always a good predictor of fitness in the second. This 

may be because much of the rosette dies back through the winter, and I observed that 

some plants even grew entirely new stems from a healthy root system. While our study 

did result in high mortality (69.66% in the field), survival is a very important aspect of 

selection on A. petiolata as mortality rates are very high in nature, with estimates ranging 

from 99% to a more conservative estimate of 94% (Nuzzo 1993). 

My study is the first to my knowledge that measures selection gradients of 

allelochemicals in A. petiolata. This is essential to test whether allelopathy is under 

selection in natural populations and is a potentially ecological driver affecting invasion. I 

found that variation in allelochemical production likely does not contribute to A. petiolata 

fitness. These results join a growing body of literature that emphasize other ecological 
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effects over allelopathy in driving A. petiolata invasion (see Rodgers, Stinson, et al., 2008 

for a review). For example, Davis et al. (2014) and Davis et al. (2012) found no evidence 

that allelopathy was a significant driver of competition between A. petiolata and tree 

seedlings in the field and found evidence that A. petiolata responds to ecological change 

rather than causes it. Supporting this, both Anderson et al., (2019) and Kalisz et al. (2014) 

found that white-tailed deer played a key role in regulating A. petiolata growth by 

selectively eating native flora but not invasive A. petiolata. None of these studies found 

evidence that A. petiolata competitive ability was strong enough to drive population 

growth. Furthermore, Huang et al. (2018) demonstrated that while sinigrin production 

was lower in old populations, interspecific competitive actually was higher, casting doubt 

that sinigrin production increases interspecific competitive ability at all. 

The discrepancy between the positive evidence for allelopathy in some studies 

and the lack of evidence for allelopathy in my study may be due to differences in growing 

environments. In the field, A. petiolata would not only need to inhibit mycorrhizal spores, 

but also extraradical hyphae growing on colonized roots to prevent colonization of 

neighboring plants. Previous laboratory allelopathy studies of A. petiolata demonstrated 

the allelopathic effect of A. petiolata on AMF spores or through soil training experiments, 

which largely rely on spores for inoculation of mycorrhizal seedlings (Roberts and 

Anderson 2001; Stinson et al. 2006; Callaway et al. 2008). Barto et al. (2010) 

demonstrated that when root segments are used as an inoculum (propagation through 

extraradical mycelium), garlic mustard extracts cannot inhibit the association between 

AMF and Impatiens pallida, suggesting that A. petiolata can only inhibit mycorrhizal 

spores. The majority of fungi propagate mostly through extraradical hyphae, not spores 



 

74 
 

(Sun et al. 2016), which may explain why allelopathy is not observed in the field where 

there are hyphal reservoirs that may resist A. petiolata allelochemicals. For example, 

Burke (2008) found no evidence that mycorrhizal colonization was reduced inside of A. 

petiolata invaded sites vs. outside of A. petiolata invaded sites in any of the three species 

involved in the study. In this experiment, I transplanted A. saccharum from the field after 

it would have already associated with AMF, which may explain why I did not find an 

effect of allelochemical production on A. saccharum performance.  

 My experiment was confounded with pathogens present in the unsterilized field 

soil, which may have played a role in altering the expression of glucosinolate and 

flavonoid compounds. But regardless of whether allelochemicals are at baseline level of 

production, or plastically induced, the level of allelochemical production should still have 

an impact on a susceptible competitor. Plasticity adds phenotypic variation but is not 

expected to affect selection gradients. In contrast, heritability estimates are likely lower 

than they would have been in the absence of pathogens. However, variation in predation 

and pathogen infection is expected in natural populations, therefore, using unsterilized 

field soil may provide estimates of heritability more similar to what would be observed in 

nature than using sterilized field soil. 

4.5 Outcomes of competition and selection for competitive ability 

In general, the average effect of A. petiolata on A. saccharum was almost twice as 

strong as that of A. saccharum on A. petiolata in terms of performance and fecundity. 

However, I found that the size of A. saccharum was a key component to the effect of A. 

saccharum on A. petiolata performance and survival (Table 6). Because A. saccharum 

size is correlated with its age, it is likely that older A. saccharum are stronger competitors 
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against A. petiolata than are young A. saccharum. This suggests that an A. petiolata 

dominated forest could limit the recruitment of A. saccharum. Furthermore, competitive 

ability depends on the competitive environment (Aarssen 1984), and the conditions in 

which I grew these plants consisted of a small pot with very little nutrients. Because A. 

petiolata may prefer high nutrient environments (Rodgers, Wolfe, et al. 2008; Anthony et 

al. 2017; van Kleunen et al. 2018) and mycorrhizal fungi are increasingly worst 

symbionts at higher nutrient levels (Grove et al. 2017), competition in natural conditions 

may result in even worst outcomes for A. saccharum.  

Alliaria petiolata may also benefit from rapid evolution to relative to A. 

saccharum. Due to the high natural mortality of A. petiolata and the high fecundity of 

each individual plant, evolution may quickly act to create highly competitive individuals. 

While I did not detect genetic variation for interspecific competitive ability, A. 

saccharum TLA in year 1 did exhibit a large influence on A. petiolata survival (-0.82 log 

odds, p < 0.001), and survival itself was a heritable trait (H2 =15%; p < 0.001). Therefore, 

selection may have acted on A. petiolata in favor of interspecific competitors that could 

survive in competition against A. saccharum.  

I detected genetic variation for intraspecific competitive ability. The seed family 

of the competitor was a significant predictor of the focal plant’s survival and fecundity in 

the intraspecific competition treatment. Specifically, the effect of seed family was a 

significant predictor in a model that assessed the effects of leaf quality, RGI, RFI, A. 

petiolata size and growth rate. Therefore, I detected genetic variation for intraspecific 

competitive ability that was not explained by other measured traits. Instead, the source of 
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variation in competitive ability likely stems from an unmeasured trait, perhaps one 

associated with below-ground competition.   

I observed the counter-intuitive result that neighbor survival was associated with 

an increased chance of focal plant survival in the intraspecific treatment (+8.54 log odds, 

P < 0.001). This is odd because one might think that eliminating competition would 

increase the likelihood of survival. Furthermore, neighbor rosette size was positively 

associated with focal A. petiolata survival (+1.11 log odds, p < 0.05). This is also odd 

because larger neighbors should exert stronger competitive effects and reduce survival of 

the focal individual. These results lend support to “evolution of reduced competitive 

ability” (ERCA) observed in A. petiolata in the invasive range (Bossdorf et al. 2004). 

Alliaria petiolata undergoes asexual reproduction and populations can be very dense due 

to high fecundity and limited seed dispersal; 95% of A. petiolata seeds disperse within 

1.14m of the parent plant (Anderson et al. 1996; Loebach and Anderson 2018). For this 

reason, A. petiolata offspring are very genetically similar and may be more likely to 

compete against each other (kin) than non-kin. In such an environment, plants that are 

less competitive may have an advantage over those that are more competitive by 

increasing the survival of the cluster of genetically related plants, a phenomenon known 

as “indiscriminate altruism” (Mitteldorf and Wilson 2000; File et al. 2012). In this 

experiment, individuals that exerted stronger competitive effects may have reduced the 

likelihood that both plants would survive. In contrast, individuals with reduced 

competitive ability but more tolerance to competitive effects, may have allowed the 

neighbor to grow larger and increased the chance that both plants survive. In this way, 

indiscriminate altruism could evolve, however, if certain pots harbored soil pathogens, 
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this may explain why survival was more likely if the neighbor survived, therefore, a 

comprehensive test is required to test the ERCA hypothesis. 

4.6 Conclusion 

By continuing the growth of A. petiolata until seed set, we were able to measure 

fitness, which is rarely performed in the biennial species A. petiolata. Despite the surge in 

literature surrounding allelopathy in A. petiolata and how it may influence ecology and 

evolution, we did not find evidence that allelopathy is a driver of A. petiolata fitness 

when competing against a naïve mycorrhizal host. Our research highlights the importance 

of measuring glucosinolate production in each individual in order to calculate heritability 

and plasticity, as well as using other important traits to strengthen selection gradients. We 

used 23 families from different populations to assess genetic variation but found little 

genetic variation for most traits, which may have been masked by strong plastic 

responses to nutrient availability. Given the lack of genetic variation within natural 

populations (Durka et al. 2005), it may be even more difficult for evolution to act in 

nature. Therefore, in nature, it may be unlikely that evolution would act on the traits 

under selection in the present study.  

In competition against A. saccharum, A. petiolata was dominant and could 

quickly prevent the establishment of A. saccharum. When it comes to conservation, we 

echo the results of previous studies which highlight the importance of other ecological 

phenomena over allelopathy. While allelopathy is often reported in laboratory settings, 

there is limited evidence to suggest that allelopathy is relevant in regulating A. petiolata 

population dynamics.  



 

78 
 

References 

Aarssen LW. 1984. On the distinction between niche and competitive ability: 
Implications for coexistence theory. Acta Biotheor. 33:67–83. doi:10.1007/BF00052146. 
 
Al-Turki AI, Dick WA. 2003. Myrosinase activity in soil. Soil Sci Soc Am J. 67:139–
145. doi:10.2136/sssaj2003.1390. 
 
Anderson H. 2012. Garlic mustard. Best management practices in ontario. Peterborough. 
 
Anderson MD, Davis MA, Burke C, Dalrymple C, Ensley-Field M, Lewanski A,  
Manning P, Moore Z, Morisawa R, Nguyen P, et al. 2019. Comparison of the non-native 
herb Alliaria petiolata with dominant native herbs in microhabitats of a Midwestern 
forest. Ecosphere. 10(3). doi:10.1002/ecs2.2660. 
 
Anderson RC, Dhillion SS, Kelley TM. 1996. Aspects of the ecology of an invasive 
plant, garlic mustard (Alliaria petiolata), in Central Illinois. Restor Ecol. 4(2):181–191. 
doi:10.1111/j.1526-100X.1996.tb00118.x. 
 
Anonymous. 1789. Dissertation academica, &c. i.e. Inaugural dissertation, attempting to 
prove that the changes observable in the fluids of all organised bodies, proceed from the 
vital influence seated in their vessels. By Julius V. Coulon. 8vo. Pp. 97. Leyden. 1789.  
Mon Rev. 81:682–687. 
 
Anthony MA, Frey SD, Stinson KA. 2017. Fungal community homogenization, shift in  
dominant trophic guild, and appearance of novel taxa with biotic invasion. Ecosphere. 
8(9). doi:10.1002/ecs2.1951. 
 
Arnold SJ, Wade MJ. 1984. On the measurement of natural and sexual selection: theory. 
Evolution. 38:709–719. doi:10.1111/j.1558-5646.1984.tb00344.x. 
 
Bais HP, Vepachedu R, Gilroy S, Callaway RM, Vivanco JM. 2003. Allelopathy and 
exotic plant invasion: From molecules and genes to species interactions. Science. 
301:1377–1380. doi:10.1126/science.1083245. 
 
Bartholomew B. 1970. Bare zone between California shrub and grassland communities: 
The role of animals. Science. 170:1210–1212. doi:10.1126/science.170.3963.1210. 
 
Barto K, Antunes P, Stinson K, Koch AM, Klironomos JN, Cipollini D. 2011.  
Differences in arbuscular mycorrhizal fungal communities associated with sugar maple 
seedlings in and outside of invaded garlic mustard forest patches. Biol Invasions. 
13(12):2755–2762. doi:10.1007/s10530-011-9945-6. 
 
Barto K, Cipollini D. 2009. Half-lives and field soil concentrations of Alliaria petiolata 
secondary metabolites. Chemosphere. 76(1):71–75. 
doi:10.1016/j.chemosphere.2009.02.020. 



 

79 
 

 
Barto K, Friese C, Cipollini D. 2010. Arbuscular mycorrhizal fungi protect a native plant 
from allelopathic effects of an invader. J Chem Ecol. 36:351–360. doi:10.1007/s10886-
010-9768-4. 
 
Berry JC, Fahlgren N, Pokorny AA, Bart RS, Veley KM. 2018. An automated, high-
throughput method for standardizing image color profiles to improve image-based plant 
phenotyping. PeerJ. doi:10.7717/peerj.5727. 
 
Blair AC, Hanson BD, Brunk GR, Marrs RA, Westra P, Nissen SJ, Hufbauer RA. 2005. 
New techniques and findings in the study of a candidate allelochemical implicated in 
invasion success. Ecol Lett. 8:1039–1047. doi:10.1111/j.1461-0248.2005.00805.x. 
 
Blair AC, Nissen SJ, Brunk GR, Hufbauer RA. 2006. A lack of evidence for an 
ecological role of the putative allelochemical (±)-catechin in spotted knapweed invasion 
success. J Chem Ecol. 32:2327–2331. doi:10.1007/s10886-006-9168-y. 
 
Blair AC, Weston LA, Nissen SJ, Brunk GR, Hufbauer RA. 2009. The importance of 
analytical techniques in allelopathy studies with the reported allelochemical catechin as 
an example. Biol Invasions. 11:325–332. doi:10.1007/s10530-008-9250-1. 
 
Blossey B, Notzold R. 1995. Evolution of increased competitive ability in invasive 
nonindigenous plants: A hypothesis. J Ecol. 83(5):887–889. doi:10.2307/2261425. 
 
Bonfante P, Genre A. 2010. Mechanisms underlying beneficial plant - Fungus 
interactions in mycorrhizal symbiosis. Nat Commun. 1:48. doi:10.1038/ncomms1046. 
 
Bossdorf O, Prati D, Auge H, Schmid B. 2004. Reduced competitive ability in an 
invasive plant. Ecol Lett. 7:346–353. doi:10.1111/j.1461-0248.2004.00583.x. 
 
Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug 
HJ, Mächler M, Bolker BM. 2017. glmmTMB balances speed and flexibility among 
packages for zero-inflated generalized linear mixed modeling. R J. 9:378–400. 
doi:10.32614/rj-2017-066. 
 
Burke DJ. 2008. Effects of Alliaria petiolata (garlic mustard; Brassicaceae) on 
mycorrhizal colonization and community structure in three herbaceous plants in a mixed 
deciduous forest. Am J Bot. 95(11):1416–1425. doi:10.3732/ajb.0800184. 
 
Cadotte MW, Campbell SE, Li S, Sodhi DS, Mandrak NE. 2018. Preadaptation and 
naturalization of nonnative species: Darwin’s two fundamental insights into species 
invasion. Annu Rev Plant Biol. 69:661–684. doi:10.1146/annurev-arplant-042817-
040339. 
 
Callaway RM, Cipollini D, Barto K, Thelen GC, Hallett SG, Prati D, Stinson K, 
Klironomos J. 2008. Novel weapons: Invasive plant suppresses fungal mutualists in 



 

80 
 

America but not in its native Europe. Ecology. 89(4):1043–1055. doi:10.1890/07-0370.1. 
 
Callaway RM, Ridenour WM. 2004. Novel weapons: Invasive success and the evolution 
of increased competitive ability. Front Ecol Environ. 2(8):436–443. doi:10.1890/1540-
9295(2004)002[0436:NWISAT]2.0.CO;2. 
 
Cantor A, Hale A, Aaron J, Traw MB, Kalisz S. 2011. Low allelochemical concentrations 
detected in garlic mustard-invaded forest soils inhibit fungal growth and AMF spore 
germination. Biol Invasions. 13:3015–3025. doi:10.1007/s10530-011-9986-x. 
 
Cavers PB, Heagy MI, Kokron RF. 1979. The Biology of Canadian Weeds.: 35. Alliaria 
petiolata (M. Bieb.) Cavara and Grande. Can J Plant Sci. 59:217–229. 
doi:10.4141/cjps79-029. 
 
Charmantier A, Garant D. 2005. Environmental quality and evolutionary potential: 
Lessons from wild populations. Proc R Soc B Biol Sci. 272:1415–1425. 
doi:10.1098/rspb.2005.3117. 
 
Chen YZ, Pang QY, He Y, Zhu N, Branstrom I, Yan XF, Chen S. 2012. Proteomics and 
metabolomics of arabidopsis responses to perturbation of glucosinolate biosynthesis. Mol 
Plant. 5:1138–1150. doi:10.1093/mp/sss034. 
 
Ciola V, Cipollini D. 2011. Distribution and host range of a powdery mildew fungus 
infecting garlic mustard, alliaria petiolata, in Southwestern Ohio. Am Midl Nat. 166:40–
52. doi:10.1674/0003-0031-166.1.40. 
 
Cipollini D. 2002. Variation in the expression of chemical defenses in Alliaria Petiolata 
(Brassicaceae) in the field and common garden. Am J Bot. 89(9):1422–1430. 
doi:10.3732/ajb.89.9.1422. 
 
Cipollini D, Cipollini K. 2016. A review of garlic mustard ( Alliaria petiolata , 
Brassicaceae) as an allelopathic plant. J Torrey Bot Soc. 143(4):339–348. 
doi:10.3159/TORREY-D-15-00059. 
 
Cipollini D, Gruner B. 2007. Cyanide in the chemical arsenal of garlic mustard, Alliaria 
petiolata. J Chem Ecol. 33(1):85–94. doi:10.1007/s10886-006-9205-x. 
 
Cipollini D, Lieurance DM. 2012. Expression and costs of induced defense traits in 
Alliaria petiolata, a widespread invasive plant. Basic Appl Ecol. 13(5):432–440. 
doi:10.1016/j.baae.2012.06.007. 
 
Cipollini D, Mbagwu J, Barto K, Hillstrom C, Enright S. 2005. Expression of constitutive 
and inducible chemical defenses in native and invasive populations of Alliaria petiolata. J 
Chem Ecol. 31:1255–1267. doi:10.1109/tmtt.2013.2247619. 
 
Cipollini K, Flint W. 2013. Comparing allelopathic effects of root and leaf extracts of 



 

81 
 

invasive Alliaria petiolata, Lonicera maackii and Ranunculus ficaria on germination of 
three native woodland plants. Ohio J Sci. 111:37–43. 
 
Colautti R, Colautti R, Franks SJ, Hufbauer RA, Hufbauer RA, Kotanen PM, Torchin M, 
Byers JE, Pyšek P, Bossdorf O. 2014. The global garlic mustard field survey (GGMFS): 
challenges and opportunities of a unique, large-scale collaboration for invasion biology. 
NeoBiota. 21:29–47. doi:10.3897/neobiota.21.5242. 
 
Colautti RI, Grigorovich IA, MacIsaac HJ. 2006. Propagule pressure: A null model for 
biological invasions. Biol Invasions. 8:1023–1037. doi:10.1007/s10530-005-3735-y. 
 
Crawley MJ. 2007. The R Book. 
 
Cruden RW, McClain AM, Shrivastava GP. 1996. Pollination biology and breeding 
system of Alliaria petiolata (Brassicaceae). Bull Torrey Bot Club. 123:273–280. 
doi:10.2307/2996775. 
 
Darwin C. 1859. On the origin of the species. 
 
Davidson AM, Jennions M, Nicotra AB. 2011. Do invasive species show higher 
phenotypic plasticity than native species and, if so, is it adaptive? A meta-analysis. Ecol 
Lett. 14:419–431. doi:10.1111/j.1461-0248.2011.01596.x. 
 
Davis MA, Colehour A, Daney J, Foster E, MacMillen C, Merrill E, O’Neil J, Pearson 
M, Whitney M, Anderson MD, et al. 2012. The population dynamics and ecological 
effects of garlic mustard, Alliaria petiolata, in a Minnesota Oak Woodland. Am Midl Nat. 
168:364–374. doi:10.1674/0003-0031-168.2.364. 
 
Davis MA, MacMillen C, LeFevre-Levy M, Dallavalle C, Kriegel N, Tyndel S, Martinez 
Y, Anderson MD, Dosch JJ. 2014. Population and plant community dynamics involving 
garlic mustard (Alliaria petiolata) in a Minnesota Oak Woodland: a four year study. J 
Torrey Bot Soc. 141(3):205–216. doi:10.3159/torrey-d-13-00062.1. 
 
Denison RF, Kiers ET. 2011. Life histories of symbiotic rhizobia and mycorrhizal fungi. 
Curr Biol. 21:775–785. doi:10.1016/j.cub.2011.06.018. 
 
Divíšek J, Chytrý M, Beckage B, Gotelli NJ, Lososová Z, Pyšek P, Richardson DM, 
Molofsky J. 2018. Similarity of introduced plant species to native ones facilitates 
naturalization, but differences enhance invasion success. Nat Commun. 9:4631. 
doi:10.1038/s41467-018-06995-4. 
 
Durka W, Bossdorf O, Prati D, Auge H. 2005. Molecular evidence for multiple 
introductions of garlic mustard (Alliaria petiolata, Brassicaceae) to North America. Mol 
Ecol. 14(6):1697–1706. doi:10.1111/j.1365-294X.2005.02521.x. 
 
Evans JA, Lankau RA, Davis AS, Raghu S, Landis DA. 2016. Soil-mediated eco-



 

82 
 

evolutionary feedbacks in the invasive plant Alliaria petiolata. Funct Ecol. 30(7):1053–
1061. doi:10.1111/1365-2435.12685. 
 
Fagerstrom T, Larsson S, Tenow O. 1987. On optimal defence in plants. Funct Ecol. 
1:73–81. doi:10.2307/2389708. 
 
File AL, Murphy GP, Dudley SA. 2012. Fitness consequences of plants growing with 
siblings: Reconciling kin selection, niche partitioning and competitive ability. Proc R Soc 
B Biol Sci. 279:209–218. doi:10.1098/rspb.2011.1995. 
 
Fitter A. 2003. Making allelopathy respectable. Science. 301:1337–1338. 
doi:10.1126/science.1089291. 
 
Fridley JD, Sax DF. 2014. The imbalance of nature: Revisiting a Darwinian framework 
for invasion biology. Glob Ecol Biogeogr. 32(11):1157–1166. doi:10.1111/geb.12221. 
 
Godman R, Yawney H, Tubbs C. 1990. Acer saccharum Marsh. Sugar maple. In: Burns 
RM, Honkala BH, editors. Silvics of North America: Hardwoods. Washington: Timber 
Management Research. p. 78–87. 
 
Gomes MP, Garcia QS, Barreto LC, Lucia PPS, Matheus MT, Figueredo CC. 2017. 
Allelopathy: an overview from micro- to macroscopic organisms, from cells to 
environments, and the perspectives in a climate-changing world. Biologia (Bratisl). 
72(2):113–129. 
 
Granato D, Santos JS, Maciel LG, Nunes DS. 2016. Chemical perspective and criticism 
on selected analytical methods used to estimate the total content of phenolic compounds 
in food matrices. TrAC - Trends Anal Chem. 80:266–279. 
doi:10.1016/j.trac.2016.03.010. 
 
Grandjean P. 2016. Paracelsus revisited: The dose concept in a complex world. Basic 
Clin Pharmacol Toxicol. 119:126–132. doi:10.1111/bcpt.12622. 
 
Grove S, Haubensak KA, Gehring C, Parker IM. 2017. Mycorrhizae, invasions, and the 
temporal dynamics of mutualism disruption. J Ecol. 105:1496–1508. doi:10.1111/1365-
2745.12853. 
 
Halsey RW. 2004. In search of allelopathy: An eco-historical view of the investigation of 
chemical inhibition in California coastal sage scrub and chamise chaparral. J Torrey Bot 
Soc. 131:343–367. doi:10.2307/4126940. 
 
Haribal M, Renwick JAA. 2001. Seasonal and population variation in flavonoid and 
alliarinoside content of Alliaria petiolata. J Chem Ecol. 27(8):1585–1594. 
doi:10.1023/A:1010406224265. 
 
Harper J. 1975. Allelopathy. (a review). Q Rev Biol. 50(4):493–495. 



 

83 
 

Hendry AP. 2016. Key questions on the role of phenotypic plasticity in eco-evolutionary 
dynamics. J Hered. 107:25–41. doi:10.1093/jhered/esv060. 
 
Hiatt D, Flory SL. 2020. Populations of a widespread invader and co-occurring native 
species vary in phenotypic plasticity. New Phytol. 225:584–594. doi:10.1111/nph.16225. 
 
Hillstrom C, Cipollini D. 2011. Variation in phenotypic plasticity among native and 
invasive populations of Alliaria Petiolata. Int J Plant Sci. 172:763–772. 
doi:10.1086/660103. 
 
Hoffmann WA, Poorter H. 2002. Avoiding bias in calculations of relative growth rate. 
Ann Bot. 90(1):37–42. doi:10.1093/aob/mcf140. 
 
Hopkins W, Hüner N. 2009. Secondary metabolites. In: Introduction to plant physiology. 
4th ed. Wiley. 
 
Huang F, Lankau R, Peng S. 2018. Coexistence via coevolution driven by reduced 
allelochemical effects and increased tolerance to competition between invasive and native 
plants. New Phytol. 218:12–14. doi:10.1111/nph.14937. 
 
Inderjit, Seastedt TR, Callaway RM, Pollock JL, Kaur J. 2008. Allelopathy and plant 
invasions: Traditional, congeneric, and bio-geographical approaches. Biol Invasions. 
10:875–890. doi:10.1007/s10530-008-9239-9. 
 
Ishida M, Kakizaki T, Ohara T, Morimitsu Y. 2011. Development of a simple and rapid 
extraction method of glucosinolates from radish roots. Breed Sci. 61(2):208–211. 
doi:10.1270/jsbbs.61.208. 
 
Ishida M, Nagata M, Ohara T, Kakizaki T, Hatakeyama K, Nishio T. 2012. Small 
variation of glucosinolate composition in Japanese cultivars of radish (Raphanus sativus 
L.) requires simple quantitative analysis for breeding of glucosinolate component. Breed 
Sci. 62(1):63–70. doi:10.1270/jsbbs.62.63. 
 
Kalisz S, Spigler RB, Horvitz CC. 2014. In a long-term experimental demography study, 
excluding ungulates reversed invader’s explosive population growth rate and restored 
natives. Proc Natl Acad Sci. 111(12):4501–4506. doi:10.1073/pnas.1310121111. 
 
Keane RM, Crawley MJ. 2002. Exotic plant invasions and the enemy release hypothesis. 
Trends Ecol Evol. 17(4):164–170. doi:10.1016/S0169-5347(02)02499-0. 
 
Kingsolver JG, Schemske DW. 1991. Path analyses of selection. Trends Ecol Evol. 
6(9):276–280. doi:10.1016/0169-5347(91)90004-H. 
 
van Kleunen M, Bossdorf O, Dawson W. 2018. The ecology and evolution of alien 
plants. Annu Rev Ecol Evol Syst. 49:25–47. doi:10.1146/annurev-ecolsys-110617-
062654. 



 

84 
 

 
Koricheva J. 2002. Meta-analysis of sources of variation in fitness costs. Ecology. 
83:176–190. doi:10.2307/2680130. 
 
Kubasek WL, Ausubel FM, Shirley BW. 1998. A light-independent developmental 
mechanism potentiates flavonoid gene expression in Arabidopsis seedlings. Plant Mol 
Biol. 37:217–223. doi:10.1023/A:1005977103116. 
 
Lande R, Arnold SJ. 1983. The measurement of selection on correlated characters. 
Evolution (N Y). 37:1210–1226. doi:10.2307/2408842. 
 
Lankau RA. 2011. Intraspecific variation in allelochemistry determines an invasive 
species’ impact on soil microbial communities. Oecologia. 165:453–463. 
doi:10.1007/s00442-010-1736-8. 
 
Lankau RA, Nuzzo V, Spyreas G, Davis AS. 2009. Evolutionary limits ameliorate the 
negative impact of an invasive plant. Proc Natl Acad Sci. 106(36):15362–15367. 
doi:10.1073/pnas.0905446106. 
 
Lau JA, Schultheis EH. 2015. When two invasion hypotheses are better than one. New 
Phytol. 205:958–960. doi:10.1111/nph.13260. 
 
Liu H, Stiling P. 2006. Testing the enemy release hypothesis: A review and meta-
analysis. Biol Invasions. 8:1535–1545. doi:10.1007/s10530-005-5845-y. 
 
Loebach CA, Anderson RC. 2018. Measuring short distance dispersal of Alliaria petiolata 
and determining potential long distance dispersal mechanisms. PeerJ. 6. 
doi:10.7717/peerj.4477. 
 
Loehwing WF. 1937. Root interactions of plants. Bot Rev. 3:195–239. 
doi:10.1007/BF02872308. 
 
Matsumura S, Arlinghaus R, Dieckmann U. 2012. Standardizing selection strengths to 
study selection in the wild: A critical comparison and suggestions for the future. 
Bioscience. 62:1039–1054. doi:10.1525/bio.2012.62.12.6. 
 
Mawlong I, Sujith Kumar MS, Gurung B, Singh KH, Singh D. 2017. A simple 
spectrophotometric method for estimating total glucosinolates in mustard de-oiled cake. 
Int J Food Prop. 20(12):3274–3281. doi:10.1080/10942912.2017.1286353. 
 
Misyura M, Colasanti J, Rothstein SJ. 2013. Physiological and genetic analysis of 
Arabidopsis thaliana anthocyanin biosynthesis mutants under chronic adverse 
environmental conditions. J Exp Bot. 64:229–240. doi:10.1093/jxb/ers328. 
 
Mitteldorf J, Wilson DS. 2000. Population viscosity and the evolution of altruism. J 
Theor Biol. 204(4):481–496. doi:10.1006/jtbi.2000.2007. 



 

85 
 

 
Mullarkey AA, Byers DL, Anderson RC. 2013. Inbreeding depression and partitioning of 
genetic load in the invasive biennial Alliaria petiolata (Brassicaceae). Am J Bot. 
100(3):509–518. doi:10.3732/ajb.1200403. 
 
Müller-Schärer H, Schaffner U, Steinger T. 2004. Evolution in invasive plants: 
Implications for biological control. Trends Ecol Evol. 19(8):417–422. 
doi:10.1016/j.tree.2004.05.010. 
 
Müller‐Schärer H, Schroeder D. 1993. The biological control of Centaurea spp. In North 
America: Do insects solve the problem. Pestic Sci. 37:343–353. 
doi:10.1002/ps.2780370407. 
 
Muller CH, Muller WH, Haines BL. 1964. Volatile growth inhibitors produced by 
aromatic shrubs. Science. 143:471–473. doi:10.1126/science.143.3605.471. 
 
Nuzzo V. 1993. The natural mortality of garlic mustard (Alliaria petiolata (Bieb.) Cavara 
& Grande) rosettes. Nat Areas J. 13(2):132–133. 
 
Open CV Dev. Team. 2013. OpenCV Introduction. 
 
Panche AN, Diwan AD, Chandra SR. 2016. Flavonoids: An overview. J Nutr Sci. 
doi:10.1017/jns.2016.41. 
 
Parepa M, Bossdorf O. 2016. Testing for allelopathy in invasive plants: it all depends on 
the substrate! Biol Invasions. 18:2975–2982. doi:10.1007/s10530-016-1189-z. 
 
Pavličev M, Cheverud JM. 2015. Constraints evolve: Context dependency of gene effects 
allows evolution of pleiotropy. Annu Rev Ecol Evol Syst. 46:413–434.  
doi:10.1146/annurev-ecolsys-120213-091721. 
 
Pękal A, Pyrzynska K. 2014. Evaluation of aluminium complexation reaction for 
flavonoid content assay. Food Anal Methods. 7:1776–1782. doi:10.1007/s12161-014-
9814-x. 
 
Philippot L, Raaijmakers JM, Lemanceau P, Van Der Putten WH. 2013. Going back to 
the roots: The microbial ecology of the rhizosphere. Nat Rev Microbiol. 11:789–799. 
doi:10.1038/nrmicro3109. 
 
Pimentel D, Zuniga R, Morrison D. 2005. Update on the environmental and economic 
costs associated with alien-invasive species in the United States. Ecol Econ. 52:273–288. 
doi:10.1016/j.ecolecon.2004.10.002. 
 
Pujol B, Blanchet S, Charmantier A, Danchin E, Facon B, Marrot P, Roux F, Scotti I, 
Teplitsky C, Thomson CE, et al. 2018. The missing response to selection in the wild. 
Trends Ecol Evol. 33:337–346. doi:10.1016/j.tree.2018.02.007. 



 

86 
 

 
Python Core Team. 2015. Python: A dynamic, open source programming language. 
Python Softw Found. doi:10.1109/8.121596. 
 
R Core Team. 2014. R: A language and environment for statistical computing. R Found 
Stat Comput Vienna, Austria URL http//wwwR-project.org/. 
 
Ralph N. 1998. Sugar maple: Its characteristics and potentials. In: Horsley S, Long R, 
editors. Sugar maple ecology and health, proceedings of an international symposium. 
Pennsylvania: USDA Forest Service, Northeastern Research Station. p. 1–14. 
 
Rice EL. 1974. Allelopathy. A series of monographs, texts, and treatises. 1st ed. New 
York, San Francisco, London: Academic Press. 
 
Rice EL. 1979. Allelopathy-An update. Bot Rev. 45:15–109. doi:10.1007/BF02869951. 
Ritchie RJ. 2006. Consistent sets of spectrophotometric chlorophyll equations for 
acetone, methanol and ethanol solvents. Photosynth Res. 89:27–41. doi:10.1007/s11120-
006-9065-9. 
 
Roberts KJ, Anderson RC. 2001. Effect of garlic mustard [Alliaria petiolata (Beib. 
Cavara & Grande)] extracts on plants and arbuscular mycorrhizal (AM) fungi. Am Midl 
Nat. 146:146–152. doi:10.1674/0003-0031(2001)146[0146:EOGMAP]2.0.CO;2. 
 
Rodgers VL, Stinson KA, Finzi AC. 2008. Ready or not, garlic mustard is soving in: 
Alliaria petiolata as a member of Eastern North American forests. Bioscience. 58(5):426–
436. doi:10.1641/B580510. 
 
Rodgers VL, Wolfe B, Werden L, Finzi A. 2008. The invasive species Alliaria petiolata 
(garlic mustard) increases soil nutrient availability in northern hardwood-conifer forests. 
Oecologia. 157(3):459–471. doi:10.1007/s00442-008-1089-8. 
 
Rotter MC, Holeski LM. 2018. A meta-analysis of the evolution of increased competitive 
ability hypothesis: genetic-based trait variation and herbivory resistance trade-offs. Biol 
Invasions. 20:2647–2660. doi:10.1007/s10530-018-1724-1. 
 
Scheiner SM, Mitchell RJ, Callahan HS. 2000. Using path analysis to measure natural 
selection. J Evol Biol. 13(3):423–433. doi:10.1046/j.1420-9101.2000.00191.x. 
 
Smith LM. 2015. Garlic mustard (Alliaria petiolata) glucosinolate content varies across a 
natural light gradient. J Chem Ecol. 41:486–492. doi:10.1007/s10886-015-0580-z. 
 
Snell-Rood EC, Van Dyken JD, Cruickshank T, Wade MJ, Moczek AP. 2010. Toward a 
population genetic framework of developmental evolution: The costs, limits, and 
consequences of phenotypic plasticity. BioEssays. 32:71–81. 
doi:10.1002/bies.200900132. 
 



 

87 
 

Sosnoskie LM, Cardina J. 2009. Laboratory methods for breaking dormancy in Garlic 
Mustard ( Alliaria petiolata ) seeds. Invasive Plant Sci Manag. 2(2):185–189. 
doi:10.1614/ipsm-08-126.1. 
 
Stinson KA, Campbell SA, Powell JR, Wolfe BE, Callaway RM, Thelen GC, Hallett SG, 
Prati D, Klironomos JN. 2006. Invasive plant suppresses the growth of native tree 
seedlings by disrupting belowground mutualisms. PLoS Biol. 12(2). 
doi:10.1371/journal.pbio.0040140. 
 
Stowe LG. 1979. Allelopathy and its Influence on the distribution of plants in an illinois 
old-field. J Ecol. 67:1065–1085. doi:10.2307/2259228. 
 
Sun X, Hu W, Tang M, Chen H. 2016. Characterizing and handling different kinds of 
AM fungal spores in the rhizosphere. World J Microbiol Biotechnol. 32:97. 
doi:10.1007/s11274-016-2053-0. 
 
Vaughn SF, Berhow MA. 1999. Allelochemicals isolated from tissues of the invasive 
weed garlic mustard (Alliaria petiolata). J Chem Ecol. 25:2495–2504. 
doi:10.1023/A:1020874124645. 
 
Whittaker RH, Feeny PP. 1971. Allelochemics: Chemical interactions between species. 
Science. 171:757–770. doi:10.1126/science.171.3973.757. 
 
Williamson GB. 1990. Allelopathy, Koch’s postulates, and the neck riddle. In: 
Perspectives on Plant Competition. 
 
Willis RJ. 2008a. Allelopathy in the classical world - Greece and Rome. In: The history 
of allelopathy. Netherlands: Springer. p. 15–37. 
 
Willis RJ. 2008b. The eighteenth century - root excretion. In: The history of allelopathy. 
Netherlands: Springer. p. 103–124. 
 
Wu YI, Lougheed D, Lougheed SC, Moniz K, Walker VK, Colautti RI. 2018. baRcodeR 
with PyTrackDat: Open-source labelling and tracking of biological samples for 
repeatable science. bioRxiv. doi:10.1101/457051. 
 
Yates CN, Murphy SD. 2008. Observations of herbivore attack on garlic mustard 
(Alliaria petiolata) in Southwestern Ontario, Canada. Biol Invasions. 10:757–760. 
doi:10.1007/s10530-007-9169-y. 
 



 

88 
 

Appendix A 

Supplemental methods 

 

Table A1. Replication in the main experiment. 

Family Alone Intraspecific Interspecific Total 
BWPEM1 10 12 9 31 
JARI1 10 11 9 30 
MSMID1 10 10 10 30 
JBCHY1 9 9 10 28 
WSSWM3 9 9 10 28 
JBBLB2 9 9 9 27 
KVEDG1 9 9 9 27 
DVGM 9 9 8 26 
CRSORO 8 9 8 25 
SMITH1 7 10 8 25 
VRPET2 9 8 8 25 
MAVBEL2 7 9 7 23 
CWRIC2 8 6 8 22 
MHBUR1 8 7 7 22 
VRCAN 7 7 8 22 
JWBOY1 7 7 6 20 
EFCC2 6 7 6 19 
PDRVT1 5 7 5 17 
SMAKC1 6 5 6 17 
VSGAR01 5 5 5 15 
CBMCK1 4 5 2 11 
MHNAT1 2 3 3 8 
RULEB1 3 3 2 8 
Total 167 176 163 506 
 

 

 

 

 

 



 

89 
 

Table A2. Replication in the fertilizer experiment.  
Family Fertilizer Amendment  No Amendment Total 

 Alone Intraspecific Interspecific     Alone Intraspecific Interspecific  

KVEDG1 2 2 2  4 6 1 17 

MSMID1 2 3 0  3 4 1 13 

SMITH1 6 5 3  5 6 4 29 

Total 10 10 5  12 16 6 59 
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Figure A1. Examples of leaf images used to measure pathogen data.  
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Figure A2. Standard curves of rutin and sinigrin.  
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Figure A3. Example of plant identification with machine learning used to determine 
growth rate.  
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Figure A4. Alliaria petiolata grown in the (A) alone treatment (B) intraspecific 
competition treatment and (c) interspecific competition treatment.  
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Figure A5. Example of greenhouse and photo apparatus used to capture images for 
growth rate analysis.  
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Appendix B 

Supplemental results 

 
B.1 Minimum Adequate Models  
 
What predicts A. petiolata rosette size, survival and fecundity? 
 
The following models represent the minimum adequate models predicting A. petiolata 
rosette size, survival and fecundity. It is from these models that coefficients were 
obtained. The MAM predicting rosette size was: 
 

𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒 = 	 (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦) + 𝑃6 + 𝑃7 + 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 + (1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ) 
 
where 𝑃6denotes black pathogen damage, 𝑃7  denotes powdery mildew presence, leaf 
area denotes the area of the sampled leaf, and T denotes treatment (i.e. alone, 
intraspecific, interspecific). The symbol “*” denotes an interaction and all lower order 
effects between the variables involved.  In this model, fern abundance was not 
significant, and the coefficients and p-values of all covariates except for fern abundance 
come from this model.  When fern abundance was reassessed with data that did not 
contain pseudo-replication, the effect was significant and the coefficient and p- value for 
fern abundance comes from this model:  
 
𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒 = 	 (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦) + 𝑃6 + 𝑃7 + 𝐹𝑒𝑟𝑛 + 𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎 + (1|𝐺𝐻	𝑏𝑒𝑛𝑐ℎ) 
 
The final models for survival and fecundity are: 
 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = (𝑇 ∗ 𝑅𝐹𝐼) + 𝐹𝑒𝑟𝑛 + (1|𝐹𝑎𝑚𝑖𝑙𝑦) + (1|𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤) 
 

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	 c𝑇 ∗ 𝐿𝑒𝑎𝑓<=.>?0@d + 𝐵𝑜𝑙𝑡	𝑆𝑖𝑧𝑒 
 
 
The MAM’s for the within treatment effect of A. saccharum on A. petiolata were as 
follows (these models only used data from the interspecific treatment):  
 

𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒 = 	𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6,; + 𝑃6 + 𝐹𝑒𝑟𝑛 + (1|𝐹𝑎𝑚𝑖𝑙𝑦) + (1|𝐺𝐻_𝐵𝑒𝑛𝑐ℎ) 
 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 	𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6,; + (𝑃6 ∗ 𝑃-) ∗ 𝐹𝑒𝑟𝑛 
 

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒6,; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 
 
Where 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6 denotes the total leaf area of A. saccharum after year 1, and the 
subscript “N”. denotes that this trait belongs to the neighbour plant in the pot (i.e. the 
competitor).  
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The MAM’s for the within treatment effect of A. petiolata on A. petiolata were as follows 
(these models only used data from the intraspecific treatment):  
 
𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + (𝑃6 ∗ 𝑃- ∗ 𝑃7) + 𝐹𝑒𝑟𝑛 + (1|𝐹𝑎𝑚𝑖𝑙𝑦)

+ (1|𝐺𝐻	𝐵𝑒𝑛𝑐ℎ) 
 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙; + (1|𝐹𝑎𝑚𝑖𝑙𝑦) 
 
 

𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒; + 𝐹𝑎𝑚𝑖𝑙𝑦; + 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙; + 𝐹𝑒𝑟𝑛 + (1|𝐹𝑎𝑚𝑖𝑙𝑦) 
 
where family is the genetic family of the individual and survival is a categorical variable 
of whether the plant survived or not.  
 
 
What predicts A. saccharum performance in year 1 and 2? 
 
The following models represent the MAM’s predicting A. saccharum performance in 
year 1 (i.e. total leaf area, 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6) and year 2 (i.e. total biomass, 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒-): 
 

𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6 =	𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 + 𝑇9 + 𝐹𝑒𝑟𝑛 +𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒 
 

𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒- =	𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 + 𝑇9 
 
where 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 denotes the principal component reflecting the initial size of A. 
saccharum.  
 
The MAM’s for the within treatment effect of A. petiolata on A. saccharum were as 
follows (these models only used data from the interspecific treatment):  
 

𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒6 	= 	𝐿𝑒𝑎𝑓	𝑄𝑢𝑎𝑙𝑖𝑡𝑦; + 𝑅𝐺𝐼; +𝑀𝑎𝑝𝑙𝑒	𝐷𝑎𝑚𝑎𝑔𝑒 +𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 
 
 

𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒- = 	𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒; +𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒8 
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Table B1. Summary table of minimum adequate models used to calculate 
coefficients.  
Model Dependent  Fixed Effects Random Effects Data  

1 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒  (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑞𝑢𝑎𝑙𝑖𝑡𝑦), 	𝑃!, 𝑃",
𝐿𝑒𝑎𝑓	𝑎𝑟𝑒𝑎  

𝐺𝐻	𝑏𝑒𝑛𝑐ℎ  Alone, 
Interspecific, 
Intraspecific 

2 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙  (𝑇 ∗ 𝑅𝐹𝐼), 𝐹𝑒𝑟𝑛  𝐹𝑎𝑚𝑖𝑙𝑦, 𝐹𝑖𝑒𝑙𝑑	𝑟𝑜𝑤  `` 

3 𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦  (𝑇 ∗ 𝐿𝑒𝑎𝑓	𝑄𝑢𝑎𝑙𝑖𝑡𝑦), 𝐵𝑜𝑙𝑡	𝑆𝑖𝑧𝑒  none `` 

     

4 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒  𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒!,$ , 𝑃!, 𝐹𝑒𝑟𝑛  𝐹𝑎𝑚𝑖𝑙𝑦, 𝐺𝐻	𝑏𝑒𝑛𝑐ℎ  
 

Interspecific 

5 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙  𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒!,$ , (𝑃! ∗ 𝑃%),
𝐹𝑒𝑟𝑛  

none `` 

6 𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦  𝑀𝑎𝑝𝑙𝑒	𝑠𝑖𝑧𝑒!,$ , (𝑃! ∗ 𝑃% ∗ 𝑃"),
𝐹𝑒𝑟𝑛  

none `` 

     

7 𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒  𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒$ , 𝐹𝑎𝑚𝑖𝑙𝑦$ ,
(𝑃! ∗ 𝑃% ∗ 𝑃"), 𝐹𝑒𝑟𝑛  

𝐹𝑎𝑚𝑖𝑙𝑦, 𝐺𝐻	𝑏𝑒𝑛𝑐ℎ  Intraspecific 

8 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙  𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒$ , 𝐹𝑎𝑚𝑖𝑙𝑦$ ,
𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙$  

𝐹𝑎𝑚𝑖𝑙𝑦  
 

`` 

9 𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦  𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒$ , 𝐹𝑎𝑚𝑖𝑙𝑦$ ,
𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙$ , 𝐹𝑒𝑟𝑛  

𝐹𝑎𝑚𝑖𝑙𝑦  `` 

     

10 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒!  𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒&, 𝑇', 𝐹𝑒𝑟𝑛,
𝑀𝑎𝑝𝑙𝑒	𝑑𝑎𝑚𝑎𝑔𝑒  

none Interspecific, maple 
alone 

11 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒%  𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒& + 𝑇'  
 

none `` 

     

12 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒!  𝐿𝑒𝑎𝑓	𝑄𝑢𝑎𝑙𝑖𝑡𝑦$ , 𝑅𝐺𝐼$ ,
𝑀𝑎𝑝𝑙𝑒	𝐷𝑎𝑚𝑎𝑔𝑒, 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒&  

none Interspecific 

13 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒%  𝑅𝑜𝑠𝑒𝑡𝑡𝑒	𝑆𝑖𝑧𝑒$ , 𝑀𝑎𝑝𝑙𝑒	𝑆𝑖𝑧𝑒&  
 

none `` 

𝑃6denotes black pathogen damage, 𝑃-denotes thrip damage and  𝑃7  denotes powdery 
mildew presence. The subscript “N” indicates a neighbor’s trait. 
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Table B2. Principal component analysis of first year size measurements in Acer 
saccharum. 
Principal 
Component Loadings Proportion 

of variance 

  
Stem 
Height 
(initial) 

Largest 
leaf 
length 
(initial) 

Number 
of Leaves 
(initial) 

Stem 
Height 
(year 1) 

Number 
of Leaves 
(year 1) 

Total 
leaf 
area 
(year 
1) 

 

PC1 (Initial 
maple size) 0.45 0.4 0.26 0.53 0.25 0.48 0.41 

PC2  0.42 0.09 -0.02 0.32 -0.7 -0.47 0.23 
PC3  -0.18 0.62 -0.68 -0.1 -0.23 0.26 0.17 
PC4 0.37 -0.49 -0.69 0.26 0.31 -0.02 0.13 
PC5 0.65 0.18 0.17 -0.72 0.14 -0.07 0.04 
PC6 -0.11 0.43 -0.04 0.18 0.54 0.69 0.02 
 

 
 
Table B3. Principal component analysis of second year shoot measurements in 
Alliaria petiolata. 

 

 

 

 

 

Principal 
Component Loadings Proportion of 

variance 

  Bolt 
Height 

Number of 
Leaves 

Largest 
leaf length 

Largest 
leaf width  

PC1 (Bolt size) 0.48 0.49 0.51 0.51 0.91 
PC2  0.83 -0.5 -0.13 -0.18 0.05 
PC3  0.26 0.71 -0.44 -0.48 0.03 
PC4 0.03 0.004 -0.72 0.68 0.003 
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Figure B1. Correlation between glucosinolate (a), flavonoid (b) and chlorophyll A 
concentration.   
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Figure B2. Average growth rate of families within treatment.  
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Figure B3. Effect of soil nutrients on chlorophyll A concentration.  
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Figure B4. Effect of soil nutrients on glucosinolate concentration. 
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Figure B5. Effect of soil nutrients on flavonoid concentration. 
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Figure B6. Acer saccharum performance in the interspecific and maple alone 
treatment.  
Regression lines demonstrate the significant effect of treatment and initial maple size on 
performance.  
 

 

 

 

 

 

 

 

 

 


