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ABSTRACT 

Ecology’s driving role in niche expansion and subsequent diversification has gained 

appreciation in recent years, but the specific mechanisms driving such processes remain 

poorly understood. For the herbivorous insects, diversification may be facilitated by their 

ability to radiate via host shifts (=host-associated differentiation, HAD). The Gape-and-

Pinch (GAP) model (Heard 2012) hypothesizes that HAD may be facilitated by insects’ 

selective patterns of host use, both within and between host species, which may follow a 

predictable sequence during divergence. I provide the first tests of the GAP model and 

investigate a recent possible case of HAD. 

 

First, I test hypotheses derived from the GAP model, specifically that host trait variation 

plays a role in the divergence of specialist herbivorous insects. I quantify trait variation 

among phenotypes of Solidago altissima and S. gigantea and compare patterns of 

attacked versus available phenotypes. For specialists, results are generally consistent with 

GAP predictions: use of available host phenotypes depends on the stage of HAD, and 

there may be a link between traits diagnosing alternative host species and divergent 

selection acting on host-associated populations. 

 

Second, I ask whether the goldenrod ball-gall fly Eurosta solidaginis, which has evolved 

several host-associated races, has initiated HAD on S. rugosa. Mitochondrial DNA 

sequence data indicate that flies on S. altissima and S. rugosa are likely one oligophagous 

host race, but fine-scale interpretation of fly genotypes across the landscape suggest that 

S. rugosa-flies may be in the early stages of divergence. 
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Finally, I ask whether a ‘key’ host trait may have driven divergence in one case of HAD 

and initiated another. For E. solidaginis, selective use of pubescent S. altissima may have 

promoted divergence from S. gigantea-flies and facilitated acceptance of S. rugosa, but 

detectability of the pattern varies across the landscape. Identifying such key traits could 

provide new insights into the mechanisms of HAD and ecological speciation. 

 

My results suggest that divergent use of plant phenotypes plays a role in insect 

diversification, and that early divergence may occur at local scales. More broadly, my 

work indicates adaptation to within-niche variation may facilitate colonization of novel 

niches and ultimately drive ecological speciation.
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Chapter 1: General Introduction 

“The diversity of life on our planet is generated by the process of speciation, the splitting 

of a population into two divergent groups that can coexist in a state of nature” (Mallet 

2016).  The study of speciation examines how mechanisms of divergent selection 

contribute to the origin (and subsequent maintenance) of barriers to gene flow between 

incipient species (Mullen and Shaw 2014). While historically the field has focused on the 

geographic patterns of diverging relationships (allopatric versus sympatric), more recent 

work has started to examine the mechanisms that drive divergence (Schluter 2000, 2001; 

Via 2001; Rundle and Nosil 2005). The mechanisms that cause divergent natural 

selection can be classified in one of two categories: mutation-order and ecological 

(Schluter 2009). Mutation-order speciation occurs when different mutations arise (and 

become fixed) in populations adapting to similar selective pressures (Mani and Clarke 

1990; Schluter 2009). This can occur for example if two loci that are both favoured by a 

constant selection pressure experience negative epistasis or some form of genomic 

conflict. In this situation the order in which mutations arise and alleles become fixed 

results in genetic differences between populations (Nosil and Flaxman 2011). While 

difficult to demonstrate empirically, an example of partial reproductive isolation 

generated by mutational order could occur when different, incompatible mutations 

become fixed in different populations adapting to the same selective pressure, but when 

individuals of these populations interbreed hybrid sterility/inviability results (Orr and 

Turelli 2001; Schluter 2009; Nosil and Flaxman 2011). Speciation may proceed due to 

sexual selection; however, following Schluter (2009), speciation by sexual selection is 
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not distinct from either mutation-order or ecological mechanisms, as it is driven by 

natural selection acting on the divergence of mate preference, by either ecological or 

mutation-order processes. Ecological speciation, in contrast to mutation-order, is driven 

by divergent natural selection acting on populations exploiting different environments 

(Schluter 2009). For example, threespine sticklebacks (Gasterosteus spp.) are famous for 

the repeated evolution of reproductively isolated species pairs that exploit ecologically 

divergent benthic and limnetic lake niches (Rundle et al. 2000). Island scrub-jays 

(Aphelocoma insularis) occupying pine and oak stands on the 250 km2 Santa Cruz Island 

off the coast of California have evolved spatially replicated, heritable adaptive 

phenotypic divergence (i.e. bill morphology) associated with exploitation of habitat-

specific resources (Langin et al. 2015). Populations of walking stick insects in the genus 

Timema (i.e. T. cristinae, Phasmatodea: Timematidae) are composed of multiple ecotypes 

that exhibit heritable phenotypic divergence in several morphological and behavioural 

traits (i.e. in camouflage colouration) in response to exploitation of different host plant 

species (Nosil et al. 2002).  

 

Insects make excellent models for the study of speciation due to their extraordinary 

biodiversity, varied modes of divergence, often short generation times, and the relative 

ease of identifying discrete niches (i.e. host-plant species for herbivorous insects - Drès 

and Mallet 2002; Mullen and Shaw 2014). The diversity of herbivorous insects has often 

been causally related to their feeding niche (Ehrlich and Raven 1964; Berenbaum 1983; 

Farrell et al. 1991; Thompson 1994; Janz et al. 2006; Wiens et al. 2015; but see Rainford 

and Mayhew 2015 for evidence to the contrary): by exploiting plants, herbivorous insects 
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have seemingly infinite opportunities to specialize not only on particular host species 

(Abrahamson et al. 1989; Feder et al. 1993; Via 2001; Drès and Mallet 2002), but also to 

sub-divide their hosts into several alternative niches by exploiting different plant parts 

(Cook et al. 2002; Joy and Crespi 2007; Condon et al. 2008). Host specialization is 

hypothesized to drive divergence, with specialists often (but not always) being more 

diverse than generalists (Janz et al. 2006; Forister et al. 2015; Rainford and Mayhew 

2015; Wiens et al. 2015).  

 

The process by which specialist (herbivorous) insects adapt to a novel host (plant) niche 

and radiate is known as host-associated differentiation (HAD). The concept of host-

associated differentiation was introduced 150 years ago by Walsh (1864) who suggested 

that changes in host-use by herbivorous insects could result in ‘phytophagic isolation’ 

and promote the adaptive evolution of new species (Walsh 1864, cited in Bush 1992). A 

few years later, Walsh was also the first to identify the now infamous case of host-

associated differentiation in the apple maggot Rhagoletis pomonella (Diptera: 

Tephritidae, then Trypeta pomonella) by hypothesizing that flies infesting cultivated 

apple had established a new local host race, biologically distinct from the similar flies 

that use native hawthorn (Walsh 1867, cited in Bush 1992). Bush (1969) later 

popularized this as the first documented case of host-associated differentiation. In a 

timespan of only 200 years, R. pomonella has evolved genetically, phenologically and 

behaviourally isolated host-races in response to exploitation of two alternative host 

species (Bush 1969; Feder et al. 1988; Feder et al. 1993; Feder and Filchak 1999), 

indicating the rapidness by which ecological speciation can proceed.  Because HAD has 
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taken place repeatedly in many insect clades (i.e. Diptera: Tephritidae - Rhagoletis spp. 

Bush 1969; Feder et al. 1988; Feder et al. 1993; Eurosta solidaginis - Abrahamson et al. 

1989; Waring et al. 1990; Blepharoneura spp. - Condon et al. 2008) or among insects 

exploiting the same hosts (Stireman et al. 2005; Dorchin et al. 2015), often at different 

points in evolutionary time, herbivorous insects offer a continuum of reproductive 

isolation that allows for comparative analyses of mechanisms of divergence (Drès and 

Mallet 2002; Joy and Crespi 2007). 

 

While the ultimate goal is to understand what drives adaptive divergence, research in the 

field of host-associated differentiation has so far largely focused on simply identifying 

cases of HAD in response to exploitation of alternative plant niches (reviewed in Drès 

and Mallet 2002) or more recently in identifying the genomic basis of adaptation to 

different niches (e.g. Nosil et al. 2008; Comeault et al. 2014; Egan et al. 2015; Ragland et 

al. 2015). The ease of detecting HAD has been markedly increased by the application of 

molecular genetic tools and numerous cases of cryptic diversity have been identified (e.g. 

Waring et al. 1990; Via 2001; Nosil et al. 2002; Stireman et al. 2005; Dorchin et al. 2009; 

Dickey and Medina 2010; Dorchin et al. 2015; Toševski et al. 2015). While the classic 

case of HAD generally describes the phenomenon by which one narrowly oligophagous 

insect feeding on two closely related hosts diverges into two monophagous (incipient) 

species, HAD has also been detected for insects once thought to be extreme generalists, 

feeding on dozens of plant species, but now understood to be large complexes of cryptic 

specialists (e.g. Smith et al. 2008; Antwi et al. 2015). However, despite the advances in 

documenting cases of HAD across insect taxa, we still have very little understanding of 
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the ecological mechanisms that are involved in the process of driving host-associated 

differentiation and the diversification of insects.   

 

Because host shifts inherently involve an herbivore including a new host species in its 

diet, the majority of research has focused on examining both the process and potential 

mechanisms of HAD from an inter-specific (between host species), rather than intra-

specific (within host species) perspective (Heard 2012).  For instance, evidence indicates 

Rhagoletis pomonella has diverged in response to differences in fruit-odor cues (Linn et 

al. 2003) and in fruiting phenologies between apple and hawthorn (Feder et al. 1993; 

Feder and Filchak 1999). However, a substantial body of research, primarily in the 

ecological and applied fields of entomology has documented that both the preference and 

performance of herbivorous insects varies considerably within a host species, and such 

variation is likely important in HAD as well. Such variation within species is certainly 

(often) important for insect attack. For example, intra-specific variation in traits related to 

plant morphology, vigour, chemistry and nutrition has been shown to influence insect 

host selection (preference) and fitness (performance). In particular, there are many 

documented cases of differential responses of insects to plants with differences in plant 

vigour (i.e. the Plant Vigour Hypothesis, Price 1991, 2003; Price et al. 2004; Quiring et 

al. 2006). Plant morphological traits such as plant architecture (Lawton 1983) and plant 

defence traits (Handley et al. 2005; Molina-Montenegro et al. 2006; Travers-Martin and 

Müller 2008) can also impact insect preference and performance. Plant nutritional quality 

and chemical composition are also important traits used in host-finding, host-acceptance 

and offspring performance (e.g. Mattson 1980; Rosenthal and Berenbaum 1992; Agrawal 
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1998). However, despite this evidence of the importance of variation within a host 

species, there has there has been very little incorporation of this knowledge of the insect 

responses to variation among individuals of their host plants with the evolutionary theory 

of ecological speciation, a linkage that may be required to understand the mechanisms of 

host-associated differentiation. 

 

The notion that intra-specific variation (variation within a species) may play a role in 

driving host-associated divergence has been suggested by Floate and Whitham (1993), 

Craig et al. (2011), Heard (2012), and Mason (2016). These works all hypothesize that 

the variation among (pheno)types of two closely related or otherwise similar host (plant) 

species creates a ‘gradient of variation’ by which insects may ‘bridge’ use of a novel host 

(Figure 1.1). These authors differ in the proposed process that generates intra-specific 

variation (i.e. hybridization, genetic variation, phenotypic plasticity), but for ease I refer 

to variation among phenotypes, that is individuals of a species that vary in a number of 

traits (expressed as the interaction between genes and the environment, Johannsen 1911).  

Despite the intuitive nature of these hypotheses, we lack available data and a statistical 

framework within which to adequately assess their plausibility.  

 

To address this gap, Heard (2012) proposed a conceptual and statistical model, the Gape-

and-Pinch (GAP) model of host-associated divergence, that provides a clear set of 

hypotheses, associated predictions and a statistical framework within which we can test 

the potential role of intra-specific trait variation in the host-associated differentiation of 

insects. In its most general sense, the GAP model hypothesizes that insects at different 
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stages of differentiation will use available phenotypes of their hosts differently as they 

progress through HAD. While the process of host-associated differentiation is clearly a 

continuum, we can hypothesize how insects might use available phenotypes of two host 

species at snapshots in time along this continuum. In Chapter 2, I describe the hypotheses 

and statistical basis of the GAP model in detail; here I introduce the conceptual premise 

and key predictions of the model. 

 

Starting with a single host species, we can visualize the variation among phenotypes in a 

multi-dimensional ‘trait-space’ (Figure 1.2). For illustrative purposes, I describe only a 

two-dimensional trait-space, where each axis represents only one plant trait and host 

phenotypes in a population can be plotted along these two axes (Figure 1.2). A more 

representative plot can be achieved by incorporating multiple traits, which can be plotted 

using multivariate methods (detailed in Chapter 2). For a population of insects exploiting 

available phenotypes of a single plant species, we can consider the distribution of the 

attacked vs. available phenotypes (Figure 1.3) to be (i) nonselective (random use of 

available individuals, the null hypothesis, Figure 1.3A), or selective. Many patterns of 

selective use of trait-space are possible, but two patterns are likely given our knowledge 

of insect preference and performance: (ii) central use of the most common individuals in 

a population (Figure 1.3B); or (iii) marginal use of extreme individuals, such as the 

largest (most vigorous) plants in a population (Figure 1.3C, Heard 2012). To predict how 

insects at different stages of HAD may use available host phenotypes of two alternative 

host species differently as they progress through divergence, this representation should be 

expanded to include two (or more) host species.  



 

8 

 

 

In the GAP model, Heard (2012) outlines a series of four hypotheses that predict how 

insects in different stages of HAD might use host phenotypes of two closely related 

species differently (summarized in Table 1.1). Briefly, an insect (species) is able to 

initiate use of a novel host species by using phenotypes of its ancestral host most similar 

(in trait-space) to the novel host (the adjacent-errors hypothesis, Figure 1.4A). Once that 

insect regularly accepts the novel host species into its diet, it will remain narrowly 

oligophagous (feeding on multiple species) for a time, and exploit phenotypes of both 

host species that are similar in trait-space (the adjacent-oligophagy hypothesis, Figure 

1.4B). In order for host-associated divergence to occur, Heard (2012) hypothesizes that 

insects must begin to exploit dissimilar phenotypes of each of the two hosts, i.e. the use 

of the two attacked trait-spaces must become distant (the distance-divergence hypothesis, 

Figure 1.4C). The distance-divergence hypothesis is key to the GAP model – without this 

stage, (partial) reproductive isolation via divergent use of host phenotypes is not 

predicted to occur. Finally, once other isolating mechanisms are established, the 

importance of maintaining use of dissimilar phenotypes of the two hosts is reduced (the 

distance-relaxation hypothesis, Figure 1.4D). By making clear predictions about the 

expected patterns of use of attacked phenotypes versus those available in the population, 

we can test the importance of intraspecific variation in facilitating diversification. 

Objectives 

The objectives of this dissertation are to provide the first tests of the GAP model of host-

associated differentiation and to investigate a possible recent case of HAD for a specialist 
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insect known to be diverging through host plant shifts. In Chapter 2, I test the hypotheses 

of the GAP model for three pairs of specialist insects that are in different stages of HAD 

on Solidago spp: the ball-gall fly Eurosta solidaginis Fitch (Abrahamson et al. 1989; 

Waring et al. 1990), the spindle-gall moth Gnorimoschema gallaesolidaginis Riley 

(Nason et al. 2002; Stireman et al. 2005) and the bunch-gall flies Rhopalomyia 

solidaginis Loew and R. capitata Felt (Stireman et al. 2005).  For each specialist pair I 

make specific predictions regarding the use of available host phenotypes, and contrast 

these to predictions for generalist insects. I test these hypotheses by quantifying trait 

variation among phenotypes of S. altissima and S. gigantea and statistically compare 

patterns of attacked versus available phenotypes. In Chapter 3, I test the hypothesis that 

Eurosta solidaginis, well known for forming two host-associated races on Solidago 

altissima and Solidago gigantea, may have initiated HAD onto a third species, Solidago 

rugosa. I predicted there would be evidence of host-associated genetic divergence among 

flies collected from all three host-plant species, but that there would be less genetic 

divergence between S. rugosa and S. altissima flies than between flies from S. altissima 

compared to S. gigantea, the established host race pair. Alternatively, if galls on S. 

rugosa are made by the S. altissima host race of E. solidaginis I predicted that flies 

associated with S. altissima and S. rugosa would not be genetically distinct, but that S. 

rugosa (and S. altissima) flies would be genetically distinct from S. gigantea flies. I test 

this hypothesis by examining genetic divergence among files collected from three species 

of Solidago across multiple sites in New England. In Chapter 4, I test the hypothesis that 

selective use of S. altissima may have predisposed E. solidaginis to use S. rugosa as a 

novel host. Under this hypothesis, I predict that New England E. solidaginis will use 



 

10 

 

individuals of S. altissima that are more similar to the available individuals of S. rugosa 

than expected by chance. I test this hypothesis by quantifying trait variation among 

phenotypes of S. altissima and S. rugosa, both attacked and unattacked by E. solidaginis, 

and test for selective patterns of host-use. Finally, in Chapter 5 I summarize my key 

findings and evaluate the importance of the GAP model for the study of host-associated 

differentiation. Chapters 2 through 4 are written as stand-alone manuscripts to be 

submitted for publication. As a result, there is some unavoidable repetition in the 

introductions and discussions of these chapters.
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Figure 1.1: The distribution of available phenotypes within each of two alternative host 

species. A) When there is no overlap between available phenotypes of an ancestral and 

novel host, the dissimilarity between the two hosts prevents an insect from successfully 

exploiting the novel host. B) Use of the novel host may be ‘bridged’ by using the 

available ‘gradient of variation’ that results from phenotypes of each host species 

overlapping in a suite of traits.  



 

13 

 

 

Figure 1.2: A hypothetical distribution of available host (plant) phenotypes (circles), 

based on their relative values of each of two host traits. Modified from Heard (2012). 

 

 

Figure 1.3: Some possible patterns of attacked (filled circles) versus available (all circles) 

host phenotypes in trait-space, based on their relative values of each of two (or more) 

host traits. Modified from Heard (2012). 
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Figure 1.4: Patterns of host trait-space use for specialist insects predicted by the GAP 

Model, modified after (Heard 2012). Triangles denote the ancestral host species and 

circles the novel host species, open shapes are unattacked phenotypes and filled shapes 

attacked phenotypes. A. marginal (selective away from the mean, see Figure 1.3C) use of 

ancestral host trait-space, that is adjacent to the novel host trait space, provides a path to 

making host-choice errors onto adjacent individuals of a novel host species, B. following 

host range expansion, the specialist insect becomes narrowly oligophagous and exploits 

marginal phenotypes of both host species that are still adjacent in host trait-space, C. 

early host-associated differentiation requires divergent use of host trait-space (marginal 

on both host species, but this time distant from rather than adjacent to each other) to 

minimize gene flow between incipient host races, D. the use of trait-space for two 

reproductively isolated specialist species need not be divergent, so the distance between 

the attacked trait-spaces may relax (is not marginal). 
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Abstract  

A likely driver of the hyperdiverse herbivorous insects is their ability to specialize on 

their hosts and radiate by exploiting new host plant niches, a process known as host-

associated differentiation (HAD). However, the mechanisms that drive HAD remain 

largely unknown. Most existing research on HAD explores ways in which insects 

respond to differences between alternative host species, while few studies examine the 

role of variation within alternative host species, which is known to influence insect 

preference and performance. Here, we ask whether intraspecific variation in host-

phenotypes may drive the ecological speciation of herbivorous insects. We address this 

question by testing the hypotheses outlined in Heard’s (2012) Gape-and-Pinch (GAP) 

model of host-associated differentiation, which posits that insects undergoing HAD will 

use available host phenotypes in a predictable manner as they progress through 

divergence. 

 

We test the predictions of the GAP model using the ubiquitous herbivorous insect 

community associated with the goldenrods Solidago altissima and S. gigantea. We 

quantify available plant phenotypes based on a series of morphological and phenological 

traits, generating distributions of available host individuals that vary in multi-dimensional 

‘trait space’. We contrast our findings of host ‘trait-space use’ for three specialist insects 

at different stages of divergence (the ball-gall fly Eurosta solidaginis Fitch, the spindle-

gall moth Gnorimoschema gallaesolidaginis Riley and the bunch-gall flies Rhopalomyia 

solidaginis Loew and R. capitata Felt) with those for several generalist insects.  
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Our findings for specialist insects are generally consistent with many of the predictions of 

the GAP model. Eurosta solidaginis selects individuals of its ancestral host S. altissima 

that, prior to attack, are statistically dissimilar from the available phenotypes of S. 

gigantea. Gnorimoschema gallaesolidaginis attacks phenotypes of its two hosts which 

are statistically  dissimilar from each other. Rhopalomyia displays a non-selective pattern 

of attack, which is consistent with but not a unique prediction of the GAP model. Finally, 

our generalist insects often showed selective host use, but these patterns are not those 

predicted under the GAP model for specialists undergoing HAD.  

Our data for E. solidaginis suggest there may be a link between traits that diagnostically 

differ between alternative host species and the divergent forces of selection acting on 

host-associated populations. We propose that in the absence of knowledge of mechanistic 

traits which may drive HAD, traits that differ between host species, and particularly those 

that show a gradient of values between host species, may be good candidate traits to 

explore as mechanistic traits involved in promoting HAD for insects undergoing 

divergence. 
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Introduction 

The phytophagous insects are one of the most species-rich groups on the planet 

(Southwood 1978; May 1990) and some, but not all, analyses suggest that herbivory itself 

has been a causal factor in their diversification (Mitter et al. 1988; Farrell 1998; Wiens et 

al. 2015; Rainford and Mayhew 2015). That herbivory in itself may play a causal role in 

generating insect diversity was suggested during some of the seminal studies of the co-

evolution of plants and insects (Ehrlich and Raven 1964). There is substantial evidence 

supporting that the diversification of herbivorous insects has been driven by adaptive 

radiations into new host-plant niches (Berenbaum 1983; Farrell et al. 1991; Thompson 

1994; Edger et al. 2015) through a process known as host-associated differentiation 

(HAD) (Stireman et al. 2005). HAD requires an insect to first undergo a ‘host-range 

expansion’ (when a novel host species is accepted into the diet of an insect in addition to 

its ancestral host), which becomes HAD once a ‘host shift’ (use of the ancestral host is 

abandoned by populations using the novel host) takes place (Janz et al. 2006; Mason 

2016).  Both host range expansions and subsequent host shifts (together required for 

HAD) have been widely observed to occur among host species that share similarities in 

morphological, phenological, and/or chemical traits (Nyman 2010). However, the 

mechanisms that drive host-associated differentiation and the ecological speciation of 

insects remain largely unknown (Farrell et al. 1991; Rundle and Nosil 2005; Janz et al. 

2006).  

 

Because host shifts inherently involve an herbivore including a new host species in its 

diet, the majority of research conducted to date has examined both the process and 
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potential mechanisms of HAD from an inter-specific (between species) perspective 

(Heard 2012). In this vein, studies of the ecological speciation of other (non-insect) taxa 

have also focused on characterizing parameters of the (usually two) alternative niches 

occupied by the diverging species.  For phytophagous insects these alternative niches are 

often two or more closely related plant species [e.g. Eurosta solidaginis on Solidago spp. 

(Asteraceae), Abrahamson et al. 1989; Waring et al. 1990; Rhagoletis pomella on 

Crataegus mollis and Malus domestica (Roseaceae), Bush 1969] but can also be distantly 

related host species [i.e. Timema cristinae on Ceanothus spinosus (Rhamnaceae) and 

Adenostoma fasciculatum (Rosaceae), Crespi and Sandoval 2000]. Host-associated 

differentiation can also occur in the absence of a host (species) shift, where reproductive 

isolation evolves between individuals using different plant modules [e.g. Asphondylia 

spp. on Larrea tridentate (Zygophyllaceae), Joy and Crespi 2007] or plant life stages 

[Pyrrhalta spp. on Ulmus pumila (Ulmaceae), Zhang et al. 2015]. Particularly when it 

comes to alternative host plant species, much effort has focused on ways that differences 

in traits between host species enforce reproductive isolation between nascent host forms, 

by interacting with insect ecology and behaviour (i.e. Berenbaum 1983; Feder et al. 1993; 

How et al. 1993; Abrahamson et al. 1994; Geiselhardt et al. 2012; Gompert et al. 2014). 

While this inter-specific approach is clearly useful for detecting cryptic diversity and 

describing macroevolutionary patterns of diversification, these studies have largely 

neglected the possible role intra-specific (within species) variation in hosts may play in 

the (micro)evolutionary process of HAD.   
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There is ample evidence that intra-specific variation in host traits drives preference and 

performance relationships for herbivorous insects, such variation may too play an 

important role in the process of host-associated differentiation.  For instance, many 

species of insects prefer (and perform better) on larger and more vigorously growing 

plant modules (i.e. the Plant Vigor Hypothesis, Price 1991, 2003; Price et al. 2004; 

although relationships vary among taxa, Quiring et al. 2006). Plant morphological 

defenses such as pubescence can be strong herbivory deterrents and can result in insects 

showing higher attack rates onto less-defended individuals (Handley et al. 2005; Molina-

Montenegro et al. 2006; Travers-Martin and Müller 2008). Plant nutrition and chemical 

composition likewise can have strong impacts on host use (e.g. Mattson 1980; Rosenthal 

and Berenbaum 1992; Agrawal 1998). However, to date there has been very little 

integration of these studies, which have been primarily conducted in the ecological and 

applied disciplines of plant-insect biology (e.g. tri-trophic interactions and agricultural 

entomology), with the evolutionary theory of HAD and ecological speciation. 

 

Linking the intra-specific perspective taken in the evolutionary studies of HAD with our 

knowledge of the role inter-specific variation among hosts plays in driving insect 

preference and performance may be required for understanding the factors that may be 

instrumental in driving HAD. Several hypotheses, similar in concept, have outlined the 

idea that a ‘gradient of variation’ between alternative host species may be required for 

‘bridging’ use onto a novel host and subsequently promoting HAD (i.e. Floate and 

Whitham 1993; Craig et al. 2011; Heard 2012; Mason 2016). Floate and Whitham (1993) 

suggested that hybridization between closely related plant taxa may provide hosts of 
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intermediate characters and a ‘bridge’ to colonizing a new host (the Hybrid Bridge 

Hypothesis). Craig et al. (2011) posits that intra-specific variation among genotypes of 

two alternate host species constitutes a gradient of variation which ‘bridges’ use onto a 

novel host (the Genotypic Bridge Hypothesis). Mason (2016) proposes that intra-specific 

phenotypic variation in host traits, driven by ecological variables, may provide a ‘plastic 

bridge’ which enabling host-range expansion and host shifts (the Plastic Bridge 

Hypothesis). These hypotheses differ in the proposed source (hybridization, genetic 

variation, phenotypic plasticity) that drives the intra-specific variation that comprises the 

gradient of possible hosts between two alternative species, but these hypotheses are 

united in the concept of such variation playing a pivotal role in promoting HAD. 

 

Heard (2012) unites the general concepts of these ‘bridging hypotheses’ of HAD into a 

conceptual and statistical model, the Gape-and-Pinch (GAP) model of host-associated 

differentiation.  The GAP model describes how insect use of the available variation 

among host individuals may provide a bridge to HAD, but the mechanism behind how 

such variation is generated is not required for tests of the model – variation among host 

individuals could be generated by a variety of processes, including those described in the 

various bridging hypotheses. The GAP model provides a set of clear hypotheses, 

associated predictions and statistical tests to assess the use of plant phenotypes by insect 

populations progressing through host-associated differentiation. 

 

Here, we ask the question, does intraspecific variation in host-plant traits drive the 

ecological speciation of herbivorous insects? We address this question by testing the 
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hypotheses outlined in Heard’s (2012) Gape-and-Pinch (GAP) model of host-associated 

differentiation. We review the more salient details of the model, but refer the reader to 

Heard (2012) for a more detailed explanation. 

 

The Model 

In its most general sense, the GAP model hypothesizes that phenotypic variation among 

host individuals, both among and within host species, may facilitate the process of host-

associated differentiation. Specifically, the model outlines four hypotheses which make 

predictions about how insects at different stages of HAD may use individuals of their 

host species as they progress through divergence. While these stages are described as 

discrete, they can best be viewed as snapshots in evolutionary time along a continuum 

from a single specialist exploiting one host to two specialists exploiting two hosts. 

If we envision phenotypic variation among individuals of one species, we can quantify 

the variation among these phenotypes by measuring a number of traits on each individual. 

Of course, individuals within a plant species are not uniform and can vary for any number 

of morphological, phenological and chemical traits. Such phenotypic variation is driven 

by genetic, epigenetic and environmental differences among plant individuals (Schmid 

and Dolt 1994; Maloof 2003; Johnson and Agrawal 2005; Rapp and Wendel 2005). We 

can visualize the variation among these phenotypes as points (individuals) in multi-

dimensional ‘trait-space’, where we can imagine the axes of this multi-dimensional space 

are the traits (or proxies of the traits) which drive phenotypic differences. It is most 

convenient to consider the two-dimensional example, where plant individuals may vary 

intra-specifically for two particular traits (plant size and leaf pubescence for instance), 



 

28 

 

but variation among individuals is of course due to multiple traits, and therefore is of a 

multi-dimensional nature. In this case, such variation may be visualized by proximate 

axes of variation (i.e. using multivariate methods/ordination).  

 

The phenotypic variation among individuals of a species (in a population) then defines 

the ‘available trait-space’ for an insect to exploit. We can describe the available trait 

space by its centroid (the point in trait-space where the mean values for each axis 

intersect), its size (the average distance between each individual phenotype and the 

centroid) and its shape (Heard 2012). Few, if any, insect species attack every potential 

host individual in a population, and instead attack a sub-set of the available host 

individuals. Successful attack may be a direct result of insect preference, performance, or 

most likely a combination of the two mechanisms (Jaenike 1978; Gripenberg et al. 2010). 

Regardless of the mechanism leading to successful host-use, we can define those hosts 

successfully exploited by the insect species as belonging to the ‘attacked trait-space’. The 

attacked trait-space too can be described by its centroid, size and shape, and we may 

expect one of a set of possible patterns of use of available trait-space.  

 

If insect attack is random with respect to the variation in plant traits, we would expect the 

attacked trait space to be similar in the parameters of the centroid, size and shape to the 

available trait space, but to differ in the number of individuals used (Figure 2.1A). If an 

insect exhibits selective use of available host trait-space, we could expect one of two 

patterns. First, an insect may prefer the most ‘typical’ individuals in a population, those 

with intermediate trait values. In this situation, the centroid of the attacked trait space 
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would not differ from that of the available trait space, but the size of the distribution of 

attacked individuals would be restricted as compared to that of the available host 

individuals (Figure 2.1B). Alternatively, an insect may prefer host individuals which have 

extreme trait values, e.g. plants with the largest module sizes (Price 1991). In such a case, 

we would expect both the centroid (mean value) of the attacked plants to differ from the 

centroid of all available plants, and the size of the distribution to be restricted as well 

(Figure 2.1C).  

 

Because HAD inherently involves at least two host species to proceed, we must extend 

the conceptual basis of the model to include two host species (extension beyond two 

hosts is possible but complicated statistically, Heard 2012). Individuals of both host 

species can be plotted in multi-dimensional space if the same traits are measured on both 

species. If the two species are rather dissimilar, we would expect individuals of the two 

species to be rather distant in trait-space. But if the two host species are very similar (that 

is, they have similar trait values for at least some traits), we expect these two alternative 

hosts to be near to each other in trait-space, or for very similar species or hybrid swarms, 

even interdigitated. We can again describe the two available trait space distributions 

based on their locations (centroids), sizes and shapes. Patterns of insect attack on each 

host species define the attacked trait spaces, but in addition to comparing patterns of 

attacked vs. available trait-space (i.e. nonselective, central or marginal, Figure 2.1) for 

each host species, we can also compare patterns of attack between the two host species 

(Figure 2.2). Particularly if the attacked trait spaces are marginal, attack on each host may 

be closer together (adjacent, Figure 2.2Aii) or further apart (distant Figure 2.2Aiii) than 
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we would expect by chance. Heard’s GAP model identifies four key steps in the 

evolutionary process from specialization on one host, through host range expansion to 

divergent specialization on two hosts. The GAP model makes particular predictions about 

how an insect species’ use of available trait-space differs as it progresses through host-

associated divergence.  

 

The key concept of Heard's model is to statistically differentiate the use of phenotypic 

plant traits by attacking insects at different stages of HAD. The phenotypic shape of trait-

use by an insect can be compared to the phenotypic shape by all plants in the population. 

Four tests can be used to generate a ‘statistical’ picture of trait-use by the insect. We 

describe the different tests briefly before describing the stages of the model to show the 

key predictions for different patterns of trait use as divergence occurs.  

 

The marginal trait-space test tests if the centroid of the attacked trait-space differs from 

the available trait-space. The marginal trait-space test is conducted once for each host 

species. If a significant marginal result is found, we can then calculate the direction of 

marginality (not part of the original GAP model, Figure 2.3), which is the angle between 

(i) the vector which connects the centroids of the two available trait-spaces and (ii) the 

vector connecting the centroids of the available and attacked trait-space which shows the 

marginal result (Figure 2.3a). The direction of marginality can be towards, away from or 

orthogonal to the vector connecting the two available trait-spaces. The distant trait-space 

test tests if the distance between the centroids of the attacked trait spaces are significantly 

closer together or further apart than expected by chance. Where we do not obtain a 
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significant marginal trait-space result, we conduct the restricted trait-space test, which 

determines if the size of attacked trait space is significantly smaller than the size of 

available trait space. This test is useful for detecting situations where host-use may be 

selective on a sub-set of trait-space that is not statistically marginal (Heard 2012). 

However, the four hypotheses of the GAP model do not make particular predictions for 

the restricted tests as it is intended to assess other potential patterns of differential attack 

on plant phenotypes.  

 

Stage 1: The Adjacent Errors Hypothesis 

The first hypothesis of the GAP model predicts that in order for a novel host to be first 

accepted into an insect’s diet, individuals of the novel host species must be similar in 

trait-space to the individuals of the ancestral host exploited (Figure 2.2Ai). This marginal 

use of trait-space facilitates the host range expansion, with attack on the novel host 

initiated when an insect makes a ‘host-choice error’, and selects an individual(s) of the 

‘wrong’ host species but is able to develop successfully (even if fitness is reduced). 

While it has been previously observed that host-choice errors and host shifts are more 

likely to occur between species that are phylogenetically or phenotypically close (Nyman 

2010), the adjacent errors hypothesis emphasizes that the likelihood of host choice errors 

depends on both the distributions in phenotypic trait-space of the ancestral and novel host 

individuals, and also on insect preference and/or performance. The adjacent errors 

hypothesis predicts that the use of trait-space will be significantly marginal on both host 

species (marginal test), that the direction of marginality in both instances will be towards 
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the alternate host, that the distance between the two attacked trait-spaces significantly 

close and that attack on one host should be relatively rare.  

 

Stage 2: The Adjacent Oligophagy Hypothesis 

Once our focal insect regularly accepts the novel host species, its diet breadth can be 

described as narrowly oligophagous. The adjacent oligophagy hypothesis predicts that 

attack on both the ancestral and novel host species will be marginal, and specifically that 

the attacked trait-spaces be adjacent (Figure 2.2Aii). This prediction follows the expected 

pattern of trait-space use in the adjacent errors hypothesis – here our insect was already 

selectively marginal on the ancestral host species, and this marginality provided the 

bridge to use of the novel host species. The adjacent oligophagy state may be stable in an 

evolutionary sense, and oligophagy remains. Alternatively, if disruptive selection begins 

to drive differences between the insects using either host species, oligophagy may be only 

temporary. The adjacent oligophagy hypothesis predicts that the use of trait-space will be 

significantly marginal on both host species (marginal test), that the direction of 

marginality in both instances will be towards the alternate host and that the distance 

between the two attacked trait-spaces significantly close (distant test, Figure 2.2Bii). 

 

Stage 3: The Distance-Divergence Hypothesis 

The distance-divergence hypothesis makes a novel prediction – that the use of dissimilar 

host phenotypes (phenotypes distant in trait-space) will promote disruptive selection to 

overcome forces working to homogenize gene flow and maintain oligophagy (Figure 

2.2Aiii). Divergent use of host-trait space could result from two possible mechanistic 
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scenarios, the former being a direct consequence of selection and the other being more of 

a by-product. Divergent host use could be a direct result of the fitness cost of making 

host-choice errors. Fitness costs associated with host-choice errors could be due to 

reduced hybrid vigour (if hybrid mating occurs), competition with individuals of the 

other incipient host race, or preference-performance mismatches (Heard 2012). 

Alternatively, divergent use of trait-space may be merely the by-product of disruptive 

selection acting to increase fitness of each sub-population being stronger than selection to 

maintain the ability to feed on both hosts (which would likely act to homogenize gene 

flow between insect individuals exploiting the alternative host species). Depending on the 

shape of the fitness landscape (where optimal fitness occurs) on either host, attack may 

become very distant, move only slightly away from adjacency, or somewhere in the 

middle (Heard 2012). HAD is more likely to occur when the distance between the 

attacked trait-spaces is more distant (Figure 2.2Aiii). The distance-divergence hypothesis 

predicts that the use of trait-space will be significantly marginal on both host species 

(marginal test), the direction of marginality will be away from the alternate host and the 

distance between the two attacked trait-spaces significantly distant (distant test, Figure 

2.2Biii). 

 

Stage 4: The Distance-Relaxation Hypothesis 

Once sufficient reproductive isolation arises between individuals of the two incipient 

species, the pattern of trait-space for each insect-host species pair may no longer be 

coupled, and can continue to evolve under separate selective pressures. If the distance 

between the phenotypes of the two trait-spaces relaxed, reproductive isolation would 
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likely still be maintained (or if not, differentiation would cease). Relaxation of trait-space 

use may occur if selection begins to favour central rather than marginal use of trait-space, 

or alternatively, non-selective patterns of host-trait space use. As each incipient insect 

species evolves to better exploit the novel host (e.g. by improving detoxification), central 

use of trait-space may result if the fitness landscape changes such that use of the most 

common or typical host individuals becomes the hosts on which insect fitness is 

maximized. In a similar vein, if the incipient insect species expands its ability to exploit a 

variety of host phenotypes, then non-selective patterns of trait-space use may result. The 

distance-relaxation hypothesis predicts that the use of trait-space will be non-selective on 

both host species (marginal test), as such there is no direction of marginality nor a 

significant distance between the two attacked trait-spaces (Figure 2.2Aiv, 2.2Biv). 

 

What about Generalists? 

The GAP trait-space model considers how an insect that begins as a specialist on one host 

may use trait-space as they progress through HAD and diverge into two new specialist 

species (Heard 2012). Generalists are much less likely than specialists to undergo HAD 

because they utilize multiple host species, and so they may not experience strong 

disruptive selection when feeding on alternate hosts (Heard 2012). However, patterns of 

trait-space use for generalist herbivores can be useful contrasts to those for specialist 

herbivores, which have undergone, or are undergoing, HAD. In particular, we can use 

generalist herbivores as a type of negative control. If we observe a pattern in a specialist 

insect congruent with our hypotheses, we would attribute such a pattern as support of our 

hypothesis – but only if similar patterns are not evident in generalists. 
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However, generalist insects may also show strong preference/performance relationships 

for particular hosts traits, so it is crucial to distinguish between the patterns we expect 

could be shared among generalists and specialists undergoing HAD and those we do not. 

For instance, we might expect that host trait-space use by a generalist could be non-

selective, a scenario that is not distinguishable from the predicted pattern of trait-space 

use under the distance-relaxation hypothesis (Figure 2.2Aiv). In such a situation, we must 

rely on additional data (i.e. genetic data) to inform us as to whether the insect is a 

specialist or generalist. Additionally, host-use by a generalist could be significantly 

marginal (or restricted) on either or both hosts, again because generalists may show 

strong preference/ performance relationships for particular hosts traits.  If we detected a 

marginal result, we might expect that marginality would be towards the alternate host 

(Figure 2.3A), which is not (necessarily) distinguishable from the predicted pattern of 

trait-space use under the adjacent oligophagy hypothesis. Here, it may be rather difficult 

to use genetic data to distinguish between a ‘true’ generalist and a monophage which has 

recently expanded its host range and will undergo HAD. However, we would not expect a 

marginal result for a generalist to ever be away (Figure 2.3A) from the trait-space on the 

alternate host, nor for the attacked trait-spaces to ever be significantly distant (i.e. two 

marginal-away results), as predicted under the distance-divergence hypothesis (Figure 

2.2Aiii). However, a generalist’s use of attacked trait-space could generate a pattern that 

is either towards or orthogonal (Figure 2.3B) to the axis separating the two available 

trait-spaces. For instance, a generalist herbivore may prefer the largest or most vigourous 

ramets of each host species (i.e. the Plant Vigour Hypothesis, Price 1991), in which case 
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marginal host use could likely be in the same direction on both host species (orthogonal). 

A generalist may also use the tallest individuals of the shorter species and the shortest of 

the taller species (these individuals being similar in trait-space).  However, we would not 

expect a generalist to attack the tallest of the tall species and the shortest of the short 

species.  

 

Testing the Model 

Heard (2012) presented some initial analyses illustrating that the GAP model does in fact 

identify differences in host trait-space use for herbivorous insects. Heard (2012) 

conducted these initial analyses for four insect ‘species’ - three generalists which exploit 

both host species assessed (but which have much broader host ranges), and one pair of 

established host-associated sibling species. Heard (2012) found that for all three 

generalist insects, host use was significantly marginal on both the ancestral and novel 

host species. Although host use was marginal for the three generalists, the attacked trait 

spaces were concentrated on the largest individuals of each host species. Their patterns of 

host trait-space use thus were not congruent with the predictions of the GAP model for 

specialists. For the pair of cryptic specialist species, patterns of trait-space use were non-

selective, as predicted by the distance-relaxation hypothesis. Importantly, Heard’s study 

did not test predictions of the model for insects going through the process of HAD (e.g. 

adjacent oligophagy and distance-divergence). Data for herbivores in the process of host-

associated differentiation are necessary to test the model. 
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The objective of this study was to conduct the first tests of the hypotheses outlined in 

Heard’s (2012) ‘Gape-and-Pinch’ (GAP) model of host-associated differentiation, and 

specifically to test the model for insects progressing through HAD. We note here that we 

do not test the adjacent-errors (first GAP) hypothesis in the present study. By measuring 

plant traits and quantifying insect attack over the course of one field season, we are able 

to test the GAP hypotheses for plant traits both before and after insect attack. We test the 

model at three stages in the season (two prior to and one after insect attack). We contrast 

our findings of trait space use for specialist insects at different stages of divergence with 

those for generalist insects. 

 

Methods 

Study system 

We test the GAP model using the ubiquitous herbivorous insect community associated 

with the goldenrods Solidago altissima L. and S. gigantea Ait, both part of Solidago 

subsect. Triplinerviae (Torr. & A. Gray) G.L. Nesom (Semple 2016). Solidago altissima 

and S. gigantea are clonal perennials that are abundant and syntopic across much of 

North America (Semple and Cook 2006). Because goldenrods are clonal, a genet refers to 

a genetically distinct individual whereas a ramet refers to an individual flowering stem 

which is part of a larger clone.  

 

The Solidago-herbivore system has become a model for investigating both the ecology 

and evolution of plant-insect interactions (e.g. Root and Cappuccino 1992; Abrahamson 
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and Weis 1997) and in particular for studying host-associated differentiation in insects 

(Abrahamson et al. 1989; Waring et al. 1990; Nason et al. 2002; Eubanks et al. 2003; 

Blair et al. 2005; Stireman et al. 2005; Stireman et al. 2006; Dorchin et al. 2009; Stireman 

et al. 2008; Craig and Itami 2011; Craig et al. 2011; Dorchin et al. 2015). In fact, host-

associated differentiation has been identified in more species in this study system than 

any other to date. Importantly, each insect species represents an independent evolutionary 

opportunity for host specialization, supported by estimated divergence time substantially 

differing among host-associated pairs (Stireman et al. 2005). Where HAD has been 

investigated, genetic distance has been quantified in several cases and thus we are able to 

determine the relative stage of HAD for several species. 

 

In order to test predictions of the distance-divergence and distance-relaxation hypotheses 

(Heard 2012), we focused our efforts on obtaining high numbers of the three (pairs of) 

specialist insects (Table 2.1) which are known to have undergone HAD: the ball-gall fly 

Eurosta solidaginis Fitch (Abrahamson et al. 1989; Waring et al. 1990), the spindle-gall 

moth Gnorimoschema gallaesolidaginis Riley (Nason et al. 2002; Stireman et al. 2005) 

and the bunch-gall flies Rhopalomyia solidaginis Loew and R. capitata Felt (Stireman et 

al. 2005). Genetic evidence indicates S. altissima is the ancestral host and S. gigantea is 

the novel host for each of these host-associated insect pairs (Waring et al. 1990; Brown et 

al. 1996; Stireman et al. 2005). Molecular clock calculations of mitochondrial DNA 

sequence divergence estimate that the divergence of each host-associated pair were 

independent events: E. solidaginis diverged less than 0.2 MYA, G. gallaesolidaginis 0.3-

2.0 MYA, and R. solidaginis/R. capitata 2.2-6.0 MYA (Stireman et al. 2005).  
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Eurosta solidaginis is known to have formed host races on S. altissima and S. gigantea. 

Following Diehl and Bush (1984), we define a host race as “a population of a species 

that is partially reproductively isolated from other conspecific populations as a direct 

consequence of adaptation to a specific host.” Host-associated differentiation of Eurosta 

solidaginis on S. altissima and S. gigantea, hereafter altissima and gigantea flies, is 

supported by substantial behavioural (Craig et al. 1993), ecological (How et al. 1993; 

Abrahamson and Weis 1997), and genetic (Waring et al. 1990; Brown et al. 1996; Itami 

et al. 1998) evidence. Both altissima male and female flies as well as female gigantea 

flies show strong host fidelity, but gigantea males have been observed to choose the 

‘wrong’ host occasionally (Craig et al. 2001).  We expected that the phenotypes of S. 

altissima and S. gigantea used would be dissimilar enough that the majority of attacked 

plants would be separated in trait-space according to host species. We thus predicted that 

trait-space use by E. solidaginis would likely be imperfectly separated, and particularly 

that gigantea flies may use host trait-space adjacent to the available S. altissima trait-

space. As such, host trait-space use for both host races could be represented as either the 

adjacent-oligophagy (Figure 2.2Aii) or distance-divergence scenarios (Figure 2.2Aiii, 

2.2C), both of which predict the use of trait-space would be significantly marginal 

(Figure 2.2B). Under the adjacent-oligophagy scenario we predict marginality would be 

toward the alternate host and the distance between the attacked trait-spaces significantly 

close (Figure 2.2Bii). Under distance-divergence, we predict marginality would be away 

from the alternate host and the distance significantly distant (Figure 2.2Biii). 
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Gnorimoschema gallaesolidaginis associated with S. altissima and S. gigantea are 

substantially diverged and best described as well-differentiated host races or very young 

sibling species (Heard and Kitts 2012). Gene flow is low and host choice errors are 

considered extremely rare (Nason et al. 2002; Stireman et al. 2005; S. B. Heard, pers. 

obs.). Moths exploiting S. gigantea have been described as a separate species, 

Gnorimoschema jocelynae Miller (2000), although this is not a taxonomically accepted 

change. If G. gallaesolidaginis has not entirely completed HAD (i.e. not completely 

reproductively isolated), then host trait-space use may be driven by divergent selective 

pressures. As such, we would predict that G. gallaesolidaginis uses trait-space as 

described by the distance-divergence scenario (Figure 2.2Aiii, 2.2C), where divergent 

selective pressures lead to use of distant use of host trait-space (Heard 2012). Under the 

distance-divergence scenario, we predict significant marginal use of trait-space on both 

hosts, that marginality would be away from the alternate host and the distance 

significantly distant (Figure 2.2Biii). 

 

Rhopalomyia solidaginis and R. capitata have been previously treated as synonymous by 

some authors, but the results of Stireman et al. (2005) strongly support separation into 

distinct sister species, and both adult female and gall morphology are clearly 

differentiated (McEvoy 1988; Gagné 1989). Because R. solidaginis and R. capitata are 

reproductively isolated we predicted sympatric individuals of these two sister species 

would use host trait-space in the pattern described by the distance-relaxation hypothesis 

(Figure 2.2Aiv, 2.2C). Under distance-relaxation, there is no selective pattern of attack, 

so we predict no significant results for Rhopalomyia (Figure 2.2Biv). 
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In addition to the above mentioned specialist gall formers, in this paper we consider the 

following generalist herbivores, which were abundant enough on both S. altissima and S. 

gigantea for analyses and were field identifiable: the Ambrosia gall midge Asteromyia 

carbonifera Osten Sacken (Diptera: Cecidomyiidae), the (snap) gall midge Asphondylia 

solidaginis Beutenmüller (Diptera: Cecidomyiidae), and the (blotch) leaf miner 

Nemorimyza posticata Meigen (Diptera: Agromyzidae, Table 2.1). Asteromyia 

carbonifera is broadly oligophagous and reported from approximately fifty species of 

Solidago (Gagné, 1968), although the discovery of four genetically distinct gall 

morphotypes (Crego et al. 1990; Stireman et al. 2008) may indicate there are fewer hosts 

for each morphotype. In our study, we identified the flat morphotype of A. carbonifera on 

both S. altissima and S. gigantea (Crego et al. 1990; Stireman et al. 2008). Other 

morphotypes, specifically the crescent, were present at our site but not found on 

individuals of S. gigantea which we tracked through the season, so they are not included 

in our analyses. Asphondylia solidaginis is only known to occur on S. altissima and S. 

gigantea [similar galls induced on S. rugosa and Euthamia (Solidago) graminifolia are 

made by other cecidomyiids (Dorchin et al. 2015)]. HAD has been investigated for both 

Asteromyia carbonifera (Stireman et al. 2005) and Asphondylia solidaginis (Dorchin et 

al. 2015), but no host-associated differentiation was found among individuals using S. 

altissima and S. gigantea. Nemorimyza posticata is restricted to genus Solidago (Meyer 

and Root 1996), and while HAD has not been tested it is presumed to be a generalist. We 

also include host use data for a leaf-miner, Liriomyza sp. (Diptera: Agromyzidae), which 

is known to be narrowly oligophagous on a few Solidago species (i.e. S. altissima, S. 
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gigantea and S. rugosa); preliminary results suggest there is no HAD present in 

Liriomyza sp.  group (Mlynarek and Heard, unpublished data). We do not make 

particular predictions about the use of trait-space for generalists, but as we discuss in the 

introduction, if we detect a marginal result for a generalist herbivore, we predict it would 

be towards or orthogonal to the alternate host, but never away from it. 

 

Study design 

We conducted our study from May to September of 2013 in an old field containing 

sympatric and interdigitated Solidago altissima and S. gigantea. Our study site 

(45.7225°N, 93.6150°W) was located near Milaca, Minnesota, adjacent to the Meadow 

Gem Campsite, mile 108 of the Rum River Water Trail, Minnesota Department of 

Natural Resources Division of Parks and Trails (Special Permit No. 201311). This site is 

also known as Bogus Brook (Nason et al. 2002). 

 

To identify ramets for sampling, we laid a series of transects (running north to south) 

through two areas of the site separated by approximately 60 metres of deciduous trees 

(primarily Sumac, Rhus spp.). Transects were laid five to ten metres apart and every two 

metres one ramet (either S. altissima or S. gigantea) was identified and tagged with 

aluminum numbered tags (BAP Equipment Canada) secured with 24-gauge floral wire at 

the base of the ramet stem.  

 

It is desirable to quantify plant traits prior to insect attack, as attack by some herbivores 

can confound measures of traits by inducing phenotypic changes, so we took 
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measurements of plant traits at two stages of the season pre-attack, ‘Initial’ and ‘Early’, 

described in detail below. However, because gathering trait data early in the season 

(without harvesting plants) is logistically challenging, we also collected and analyzed 

post-attack, ‘Late’ season data, in order to ask whether patterns of selectivity found on 

pre-attack traits values would still be detectable even in trait data that include attack-

induced phenotypic changes. We initially tagged 800 ramets, beginning on 17 May, and 

added ramets over a period of three weeks due to differences in phenology. Over the first 

few weeks of the season several dozen ramets were lost or severely damaged so we 

identified 50 more ramets in total prior to 7 June, these 800 + 50 (minus lost ramets) were 

used in the pre-attack analyses. To increase the sample size of plants attacked by our 

focal specialist herbivores, we tagged an additional 230 ramets prior to measurements on 

2 August, including 105 ramets galled by Eurosta, 52 by Gnorimoschema and 73 by 

Rhopalomyia. Trait measures were only taken on these ramets post-attack (‘Late’), so 

these ramets are only included in post-attacked tests (ramets included pre-attack were 

included in post-attack as well to be clear).  

 

We assessed herbivory at weekly intervals from 24 May to 7 September. Insects were 

identified using local keys (Hahn 2009, Sogaard 2009) and Bode et al. (2013). 

 

Morphological and phenological traits 

We tested the GAP model with morphological and phenological traits taken at three 

points in the season, ‘Initial’ (24 May, 0-2 weeks post emergence, wpe), ‘Early’ (7 June, 

2-4 wpe), and ‘Late’ (2 August – harvest). Table 2.2 lists which traits are included for 
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each set of tests. Tests with our ‘Initial’ traits include only measures of plant vigour and 

were pre-attack for all herbivores. Our ‘Early’ season traits include measures of plant 

vigour, growth rate, stem colour, stem pubescence, and leaf toughness. These measures 

were pre-attack for all herbivores except G. gallaesolidaginis, which was evident on 

ramets by 7 June. Our Late season traits were taken post-attack for all herbivores, and 

include traits related to plant vigour, pubescence, leaf metrics and phenology (Table 2.2). 

We also tested trait data obtained at the peak of insect attack (5 July, 6-8 wpe), but the 

results were qualitatively similar to our other analyses so we do not present them here. 

 

i. Morphological traits 

The morphological traits assessed are listed in Table 2.2, here we provide additional 

details where necessary. We measured leaf toughness as the force required to puncture 

the third newest fully-expanded leaf (moving down from ramet apex), using a hand-held 

precision force gauge (Gram Dial GD 15-F, Wagner Instruments) fitted with a 120 mm 

sewing needle. Stem colour was assessed as one of four rank ordinal categories, where 

50% or more of the stem was yellow-green, light green, dark green, or purple (indicative 

of anthocyanin production). We first assessed stem pubescence (Early and Mid) 

qualitatively in the field as one of four rank ordinal categories, where stem pubescence 

was absent/very sparse, sparse, abundant, very dense. In the lab, pubescence traits on 

both stems and leaves were measured under a dissecting scope at 40x magnification in a 

525-micrometer diameter field of view. Lab (late season) stem pubescence traits (density 

and mean trichome length) were assessed directly above the first leaf scar at or above 

75% of ramet. Stem and leaf (ventral) pubescence density were assessed by counting the 
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number of trichomes in a 100 cell grid at the above magnification. Stem trichome length 

was calculated by averaging the length measures taken on the five trichomes closest to 

the leaf scar; leaf trichomes were generally too short to measure and/or had rubbed off 

specimens. We assessed leaf traits, including pubescence as above, on the third or fourth 

newest fully-expanded leaf (moving down from ramet apex), harvested on the ninth and 

tenth of August and dried individually in coin envelopes. The number of leaf denticles 

was counted along half the leaf margin (counter-clockwise from petiole) and divided by 

the leaf length. Leaf length:width ratio and leaf area were calculated from measuring leaf 

length along the midrib from the base to the tip of the leaf blade and leaf width at the 

widest part of the blade. The depths of the five middle-most denticles were measured and 

averaged. 

 

ii. Phenological traits 

We recorded whether or not each plant had initiated flowering. If plants had initiated 

flowering, then the percentage of buds that had opened and the percentage of florets in 

seed were recorded as one of six ranges 0-5, 5-25, 25-50, 50-75, 75-95, 95-100 sensu 

Daubenmire (1959) and converted to the mid-point of each category. A measure of 

senescence was estimated as the proportion of stem leaves senesced using the categories 

above. 

 

Statistical Methods 

Before we test the GAP model, we take an exploratory approach to assess if any traits we 

measured are likely to influence selective patterns of attack for a given insect. To do this, 
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we undertake a cross-validation approach, whereby we split our dataset in two 

randomized groups (but first block by host species and insect attack, such that individuals 

of each of these four groups are assigned at random to two new ‘populations’). We then 

conduct a series of Welch’s two-sample t-tests (for numeric traits, or Wilcoxon Signed 

Rank / Mann-Whitney tests for ordinal traits). We conduct two separate tests for each 

trait-by-season combination we investigate, one for each randomized half of the data. We 

report trait findings as significant when p < 0.05 for both random splits of the data, but 

just report the p-value for the combined data set for simplicity. Using this type of cross-

validation approach protects against Type I errors which result from multiple testing 

(specifically, obtaining false positive results), because one data set can confirm (or reject) 

a statistically significant result in the other (Whitlock and Schluter 2009). We use the 

results of these exploratory analyses merely to help us predict in which tests of the model 

(Initial, Early or Late season) we may expect to detect significant patterns of trait-space 

use. For example, we may predict that a given insect would show patterns of host-trait 

space use congruent with the adjacent oligophagy hypothesis – but realistically we 

actually only expect to see this pattern if we measure traits on which the insect is 

selective. If we observe no significant patterns on a trait-by-trait basis, we are unlikely to 

detect an effect of selective trait-space use. This approach was required because we 

include different traits in our Initial and Early season datasets, so if the trait(s) on which 

attack is selective are only included in one of these two datasets, we would only extend 

our predicted pattern of trait-space use to the test which includes such (a) trait(s). 
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To test the GAP model, we conduct three statistical tests (described below) based on the 

location and spread of the attacked and available host individuals in multi-dimensional 

trait space. To describe the variation among all available host individuals we employ 

multivariate gradient analysis (ordination). Four variable types were present among the 

data collected: numeric continuous, numeric discrete, ordinal and nominal. All numeric 

variables were scaled and centered to a mean of zero and standard deviation of one (also 

known as autoscaling) prior to analyses. Where all variables were numeric (Initial and 

Late season), we used principal components analysis (PCA), whereas when we included 

ordinal and nominal variables in our analyses (Early season) we used principal coordinate 

analysis (PCoA, also called classical scaling or principal coordinate decomposition). 

Although PCoA is not among the most commonly used ordination techniques, it is the 

most similar multivariate analysis to PCA that can handle non-numeric variable types 

(Quinn and Keough 2002). For traits which were used in both PCA and PCoA, similar 

results were obtained (i.e. running only numeric traits in a PCoA produced nearly 

identical results to the PCA).  

 

We implemented all analyses in the R statistical platform, R version 3.3.0 (R Core Team 

2016). When using PCA we implemented R-mode PCA, that is spectral decomposition 

(eigendecomposition) of a Euclidian distance correlation (dissimilarity) matrix derived 

from the original variables, using the function princomp (Anderson 2013; R Core Team 

2016). When including ordinal and/or nominal traits we conducted PCoA on a Gower 

dissimilarity matrix for mixed variables (Gower 1966, 1971; Quinn and Keough 2002) 

using the function pcoa in the package APE v. 3.5 (Paradis and Strimmer 2004). Using 
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either ordination method described above, we calculated the dissimilarity among host 

individuals in either dissimilarity matrix (Euclidian or Gower) and obtained scores for the 

principal components/coordinates and used these scores (i) to plot host individuals 

(attacked or un-attacked) in multi-dimensional phenotypic trait space. An exploratory 

analysis revealed that results stabilized after including three or more axes (coordinates) 

for both PCoA and PCA, so we used the first three axes for all analyses. The only 

exceptions are our ‘Initial’ analyses of plant traits assessed very early in the season – we 

only measured two traits so our analyses are restricted to two dimensions. 

 

For each species, we measured the available and attacked trait-spaces, summarizing them 

by their centroids (location) and spreads (size), as described in the introduction. We then 

conducted three statistical tests to calculate the differences between centroid and spread 

of the attacked and available host individuals in multi-dimensional trait space. First, we 

test whether the location of the attacked trait space (on each host species) significantly 

differs from the location of the available trait space (the Marginal trait-space test, Heard 

2012). This is accomplished by computing the centroids of both (i) the attacked only and 

(ii) the available (attacked plus un-attacked) trait spaces (for one host), and then 

calculating the distance between these attacked and available centroids. We then compare 

this distance measure to a null distribution of 1,000 distances calculated by randomly 

shuffling attack status across all plant individuals (a permutation test). Here, the 

proportion of distances calculated from the random shuffling of attack that is equal to or 

larger than the value obtained from our data is the (one-tailed) P-value. When P is small 

we reject the null hypothesis that the centroids of attacked and available host individuals 
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for a given host species do not differ. We conduct this first test twice, once for the 

ancestral host and once for the novel host. When we detect an attacked trait-space to be 

marginal, we compute the direction of that marginality. This allows us to determine if the 

attacked trait space is marginal in a direction towards, away from, or orthogonal to the 

axis separating the available trait-spaces of both host species (Figure 2.3). The marginal 

test in itself is not a direct test of any stage of the model, but the direction of marginality 

can be used to support (or not) the GAP hypotheses. When marginality is orthogonal to 

the axis separating the available trait-spaces of both host, the result is not relevant to the 

GAP model, but if attack is towards the alternate host it would provide some support for 

the adjacent errors and adjacent oligophagy hypotheses, or if attack is away from the 

alternate host it would provide some support for the distance-divergence hypothesis. 

 

We next ask whether the distance between the attacked trait spaces of the two host 

species is significantly smaller or larger than expected by chance (the Distant trait-space 

test, Heard 2012). This test uses the centroids of the attacked trait spaces calculated for 

the Marginal trait-space test above, and compares the distance between the two attacked 

trait space centroids to 1,000 such distances calculated between the corresponding 

centroids obtained from shuffling attack status (as above). Here, the test is two-tailed as 

distances between the attacked centroids that are closer together or further apart than 

expected by chance are both of interest. A small P-value would provide support to reject 

the null hypothesis of the distance between these two centroids being no different than 

the distance between centroids obtained from randomly shuffling attack status. This 

restricted test is a direct test for both the first three stages of the model – under adjacent-
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errors and adjacent-oligophagy, a significantly close result supports these hypothesis, 

whereas under the distance-divergence hypothesis a significantly distant result supports 

the hypothesis. Finally, for each species, we test if the size of attacked trait space 

significantly differs from the size of available trait space (the Restricted trait-space test, 

Heard 2012).  

 

We implement these statistical tests in traitR, a statistical package which we have 

developed as a stand-alone R script or a web-based R Shiny App GUI (RStudio 2016). In 

the GUI version, upon importing data the user can select the ancestral host species, the 

attacking insect (or other parasite), and the traits of interest. Then the user selects the 

variable type for each trait (numeric, factor, or ordered factor). traitR will be available on 

GitHub prior to publication. 

 

We further report the correlations among all trait variables used for each seasonal (Initial, 

Early, Late, Appendix 2.1) test and the factor loadings of each trait onto the first two 

principal components for each analysis (or in the case of PCoA, the correlation between 

each trait and the first two PCoA axes, Appendix 2.2).  

 

Results  

1. Herbivores 

We obtained sufficient numbers of three specialist and four generalist herbivores for 

analyses (those mentioned in Methods, summarized in Table 2.1). The number of 
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attacked S. gigantea plants was low for some season by insect combinations and data are 

not shown in cases where less than three ramets of S. gigantea were attacked.  

 

2. Traits correlations and axis loadings 

i. Initial 

In our ‘Initial’ trait space tests, we considered ramet height and the number of leaves 0-2 

weeks post-soil emergence (Table 2.2), although insect attack occurs much later in the 

season (with the exception of G. gallaesolidaginis). We consider these traits to be reliable 

pre-attack measures for all insects, as even the earliest herbivore G. gallaesolidaginis, 

which bores into the bud before creating its stem gall, was not observed at this stage. 

Even if attack by G. gallaesolidaginis had occurred very recently, ramet height did not 

differ between plants that were attacked or not attacked by G. gallaesolidaginis at this 

stage (two-sample t-test, S. altissima t51.75 = -0.274, p = 0.785; S. gigantea t = 1.29462.04, 

p = 0.201), but ramet height did differ at later dates (Table 2.3). 

 

Ramet height and the number of leaves on the stem were strongly correlated on both S. 

altissima (r = 0.66) and S. gigantea (r = 0.58, Appendix 2.1). Both traits loaded equally 

onto the first PC (Appendix 2.2). We emphasize here that the Initial test only would 

detect a selective effect related to preference/performance for plant vigour. The two traits 

we include here are both representative of plant vigour and the Initial test thus excludes 

other trait types. 
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ii. Early 

Our ‘Early’ season traits were pre-attack for all herbivores except G. gallaesolidaginis 

and include a more representative set of morphological traits. Of our seven ‘Early’ traits, 

ramet height, stem width and leafiness were intercorrelated (0.435 < r < 0.587, Appendix 

2.1) and are considered measures of plant vigour. The remaining traits were only weakly 

correlated (r < 0.2). 

 

The first PCoA axis reflects variation in stem colour (loading = -0.85), stem pubescence 

(-0.67) and stem width (-0.44); for the second axis, stem colour (0.49), pubescence (-

0.64) and leaf toughness (-0.25); and for the third axis, ramet height (0.86), stem width 

(0.60) and leafiness (0.73). Ramet growth rate loaded negligibly (0.14) onto the third axis 

(Appendix 2.2). 

 

Because Gnorimoschema induced statistically significant differences in plant traits (ramet 

height, ramet growth rate and leaf toughness, Table 2.3) at this stage of the season on S. 

gigantea (but not on S. altissima), we exclude Gnorimoschema attacked plants from 

analyses of any other herbivores in this and subsequent data sets. We also reduce the set 

of traits used in trait-space analyses for Gnorimoschema to remove traits (ramet height, 

growth rate and leaf toughness) that are likely heavily influenced by attack. 

 

iii: Late 

Our ‘Late’ season trait measures are post-attack for all herbivores. Correlation 

relationships differed strongly between S. altissima and S. gigantea late in the season 
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(Mantel test, z = 17.72, p < 0.001). For S. altissima, stem width, ramet height, branching 

and senescence were all intercorrelated (0.38 < r < 0.66), the two flowering phenology 

measures were strongly correlated (0.87), and four leaf traits (leaf area, leaf dentition, 

leaf denticle depth, leaf pubescence) with the exception of leaf shape, were all weakly 

intercorrelated (0.26 < r < 0.38); only leaf dentition was correlated with leaf shape (0.31). 

For S. gigantea, stem width, ramet height, branching, senescence and two flowering 

phenology measures were all intercorrelated (0.33 < r < 0.66); stem pubescence density 

was weakly correlated to stem pubescence length (0.29) and leaf pubescence density 

(also 0.29); the three leaf traits (leaf area, leaf dentition, leaf denticle depth) were 

intercorrelated (0.24 < r < 0.45). Leaf shape was correlated with leaf dentition (0.41) and 

leaf pubescence density (0.34, Appendix 2.1). 

 

The first PC axis reflects variation in all three pubescence traits (stem pubescence 

density, -0.37; stem pubescence length, -0.38; leaf pubescence density, -0.33) and leaf 

toothiness (0.37). The second axis reflects ramet height, (-0.38) branching (-0.30), and 

both flowering phenology traits (proportion of buds in flower, -0.41; flowers gone to 

seed, -0.47). The third axis reflects variation in leaf senescence (-0.55), leaf area (0.53) 

and leaf denticle depth (0.31, Appendix 2.2). Both leaf toughness (0.70) and stem width 

(0.43) load on the fourth axis, but including the fourth axis in analyses had a negligible 

effect on the results and do not alter the interpretation of these data. 

 

3. Herbivore use of host-plant trait space 
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i. Specialist insects 

Eurosta solidaginis 

We only obtained a sufficient number of attacked S. altissima plants for our pre-attack 

analyses, and therefore report no results for S. gigantea for these tests. We first examined 

Eurosta host-use in trait-by-trait comparisons in both the Initial and Early season data. 

The only trait that differed (by host species) between attacked and unattacked ramets was 

stem pubescence, included in the Early season but not Initial trait-data.  Stem pubescence 

differed (in both randomized data sets) between S. altissima ramets that would or would 

not be attacked, and was significantly greater for ramets that would be subsequently 

attacked (p = 0.029, Table 2.3). In our data set, stem pubescence density of S. altissima 

varied substantially, with 1.5 % of ramets having ‘absent’ pubescence, 25.7 % having 

‘sparse’, 61.2 % having ‘abundant’ and 11.6 % having ‘dense’. In contrast, 99 % of S. 

gigantea plants lacked pubescence (‘absent’ category).  

 

We had predicted that trait-space use for E. solidaginis would be congruent with either 

the adjacent-oligophagy or distance-divergence scenarios, because reproductive isolation 

is not complete between the two host races. Under both scenarios we predict use of trait-

space on both hosts would be marginal. Under the adjacent-oligophagy scenario we 

predict marginality would be toward the alternate host and the distance between the 

attacked trait-spaces significantly close. Under distance-divergence, we predict 

marginality would be away from the alternate host and the distance significantly distant.  
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Host trait-space use by E. solidaginis in the Initial test (ramet height and number of 

leaves) showed no significant pattern on S. altissima (Table 2.4i, Figure 2.4A) - an 

unsurprising result considered we see no significant differences for traits in this test. 

However, the Early season test, which includes stem pubescence, indicated attack is 

significantly marginal on the ancestral S. altissima (marginal trait-space test, p = 0.029, 

Table 2.4i, Figure 2.4B). Attack on S. altissima is significantly marginal away from the 

available S. gigantea plants (Table 2.4i).  

 

When we examine post-attack trait data, we observe no selective pattern of host-use on 

either the ancestral or novel host (Figure 2.4C), however there is a trend towards trait-

space use on S. altissima being restricted (restricted trait-space test, p = 0.055, Table 

2.4ii). The only trait we observe to likely differ between attacked and unattacked ramets 

of S. altissima in our late season data is stem pubescence length (p = 0.05, Table 2.3) 

 

Gnorimoschema gallaesolidaginis 

When comparing plants that would or would not be attacked by G. gallaesolidaginis, 

there were no differences in values of either trait alone, for either S. altissima or S. 

gigantea (Table 2.3) 

 

We predicted trait-space use would be congruent with the distance-divergence scenarios, 

because G. gallaesolidaginis has two well-differentiated host races or very young sibling 

species with low gene flow. We predicted use of trait-space on both hosts would be 
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marginal away from the alternate host and the distance between the attacked trait-spaces 

significantly distant.  

 

In the Initial trait-space tests, the only tests that were pre-attack for G. gallaesolidaginis, 

trait-space use was not significantly marginal, but the distance between the attacked trait-

spaces was significantly distant (distant trait-space test p = 0.044, Table 2.4i). Trait-space 

use was significantly restricted on S. gigantea (restricted trait-space test p = 0.018, Table 

2.4i, Figure 2.4D) and there is a trend towards trait-space being restricted on S. altissima 

(p = 0.069, Table 2.4i).  

 

The patterns of trait-use in subsequent, post-attack tests (Early and Late) were strongly 

dependent on the traits included in the analyses. When we removed ramet height and 

ramet growth rate from the Early season analysis for G. gallaesolidaginis, we observed 

significantly marginal use of trait-space on S. gigantea (p = 0.010, data not shown). If we 

additionally removed leaf toughness from this analysis, no significant marginal result 

remained (Table 2.4i, Figure 2.4E). However, in the latter scenario there is a trend 

towards restricted trait-space use on S. gigantea (restricted trait-space test p = 0.067, 

Table 2.4i). In the Late season analysis, removing ramet height, leaf toughness and all 

phenological measures (flowering can be prevented by G. gallaesolidaginis attack), 

attack on S. altissima was still significantly marginal (p = 0.043, Table 2.4ii, Figure 

2.4F). 

 

Rhopalomyia solidaginis and R. capitata 
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We predicted these two sister species would use host trait-space in the pattern described 

by the distance-relaxation hypothesis (i.e. showing no selective pattern of attack,) so we 

predict no significant results for Rhopalomyia (Figure 2.2Aiv, 2.2C). 

 

For the Initial and Early season analyses, we found no evidence of any selective pattern 

of trait-space use on either host (Table 2.4i, Figure 2.4H, 2.4I) and no difference between 

attacked and unattacked plants for any of the traits we used in either the Initial or Early 

tests. However, when we test patterns of trait-space use using the Late season (post-

attack) data, we observed significant marginal trait-space use on both S. altissima and S. 

gigantea (p = 0.002 and 0.029 respectively, Figure 2.4J), as well as significantly 

restricted trait-space use on S. altissima (p < 0.001, Table 2.4ii). The attacked trait-spaces 

were not significantly adjacent or distant (Table 2.4ii). 

 

ii. Generalist Herbivores 

We did not make particular predictions for the generalist insects we surveyed, but we 

would not expect any of them to show patterns congruent with the distance-divergence 

hypothesis – that is if host-use was marginal, it would not be away from the alternate host 

and there would be no significant distance between the two attacked trait spaces.  

 

A number of the generalist insects we surveyed did show selective patterns of trait-space 

use, on either S. altissima or S. gigantea, but never on both. Three of the four generalists 

(Asphondylia solidaginis, Asteromyia carbonifera, and Liriomyza sp.) showed 

significantly marginal use of available S. altissima trait-space in the Initial trait-space 
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tests (p = 0.025, 0.006 and p < 0.001 respectively, Table 2.4i, Figure 2.4M, 2.4P and 2.4J 

respectively). Liriomyza sp. also showed significantly marginal use of available S. 

altissima trait-space in the Early (p = 0.017, Table 2.4i, Figure 2.4K) and Late (p = 0.046, 

Table 2.4ii, Figure 2.4L) trait-space tests as well. Nemorimyza posticata showed 

significantly marginal use of trait-space use on S. gigantea in the Early trait-space tests (p 

= 0.002, Table 2.4i, Figure 2.4T). Both the Initial and Early tests were conducted on trait 

data taken prior to attack by all of these herbivores. In the Late tests, only Liriomyza 

showed a showed a significant marginal result (above), but trait-space use by 

Asphondylia solidaginis was significantly restricted on S. gigantea in the Late test (p = 

0.026, Table 2.4ii, Figure 2.4O). In all cases, the direction of the attacked trait space was 

orthogonal or towards (Figure 2.3A) but never away from the available trait-spaces of the 

alternate host –that is not nearer to or further away than expected (Table 2.4i).  

 

Discussion 

We set out to test the predictions of the Gape-and-Pinch (GAP) model of host-associated 

differentiation (Heard 2012), the first to outline testable predictions concerning the role 

inter-specific variation in host traits may play in driving the diversification of herbivorous 

insects. We tested the model for three pairs of specialist insects undergoing, or have 

previously undergone HAD, and compared our results to those for four generalist insects. 

Our results for specialist insects are generally consistent with many of the predictions of 

the GAP model. Eurosta solidaginis selects individuals of its ancestral host S. altissima 

which, prior to attack, are further away in trait-space from the available host trait-space of 
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the novel S. gigantea than expected by chance. Gnorimoschema gallaesolidaginis’ use of 

pre-attack host trait-space is significantly restricted on the novel host and the attacked 

trait-spaces on the ancestral and novel host are further apart than expected. For 

Rhopalomyia, we found no strong patterns (and we will explain why this is not 

surprising).  Finally, the selective patterns exhibited by generalist insects were not those 

predicted under the GAP model for specialists undergoing HAD. 

 

Herbivore tests of the GAP model 

Eurosta solidaginis 

The S. altissima and S. gigantea associated host-races of E. solidaginis are relatively 

young and rely on host-associated mating to maintain partial reproductive isolation 

(Craig et al. 2001). We predicted that trait-space use by E. solidaginis could be 

represented as either the adjacent-oligophagy or distance-divergence scenarios.  

We detected no selective pattern of host-use in our trait-by-trait comparisons using the 

plant vigour traits included in the Initial test, so regardless of our general predictions for 

E. solidaginis the lack of pattern to trait-space use in the Initial data was not surprising. 

 

However, our trait-by-trait comparisons for the Early season trait-data showed stem 

pubescence significantly differed between ramets of S. altissima that would or would not 

be attacked. This indicates E. solidaginis may demonstrate a pattern of selective use of 

plant traits, at least on S. altissima. Using the ‘Early’ season pre-attack traits, we 

observed use of available S. altissima ramets was significantly marginal and oriented 

away from the available trait-space of S. gigantea. Even in the absence of our ability to 
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quantify pattern on the novel host, that attack is significantly marginal on the ancestral 

host away from the novel host provides support for the distance-divergence hypothesis 

for E. solidaginis. Although the GAP model predicts that trait-space use will become 

distant on both hosts, in fact, the pattern on S. gigantea would not need to be selective for 

distant use of host trait-space and partial reproductive isolation to be maintained, because 

altissima flies attack S. altissima plants that are dissimilar from S. gigantea. Such a 

pattern is congruent with the biology of the two host races: altissima flies have strong 

fidelity for their hosts, while gigantea males demonstrate comparatively lower fidelity 

(Craig et al. 2001). Reduced fidelity of gigantea males could be facilitated by gigantea 

flies exploiting S. gigantea ramets which are similar in trait-space to S. altissima.  

 

Stem pubescence is a diagnostic character separating S. altissima and S. gigantea 

(Semple 2016). At least at our field site, E. solidaginis is discriminating among ramets of 

S. altissima which differ in stem pubescence. These results are seemingly in contrast to a 

study by Anderson et al. (1989) who found variation in pubescence density for S. 

altissima had no relationship with attack by E. solidaginis. However, our (significant) 

pre-attack measure of stem pubescence was qualitative and encompassed both 

pubescence length and density. Post-attack, stem pubescence length shows a much 

greater difference between attacked and unattacked ramets (6.17 % difference, p = 0.05) 

than does stem pubescence density (2.27 %, p = 0.73), and we therefore suspect that the 

pattern we detect in our Early season data was driven by stem pubescence length, and not 

pubescence density. 
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Eurosta solidaginis is the best studied of the goldenrod herbivores and several other 

morphological traits of S. altissima have been previously associated with its attack. These 

traits include ramet height, ramet growth rate, and bud diameter (all positively and 

strongly inter-correlated), leaf area and leaf water content (both negatively and strongly 

correlated) (Horner and Abrahamson 1992; How et al. 1993; Horner and Abrahamson 

1999). Subsequent study artificially manipulating ramet height by elevating ramets 

revealed that it is ramet growth rate, and not height, which is associated with attack 

(Craig et al. 1999). We assessed many of these traits in our study, but found no 

relationships among any of these traits in our pre-attack data. We did observe ramets of S. 

altissima galled by E. solidaginis were significantly taller at the end of the season (t145 = 

2.86, p = 0.005, μa = 86.8 cm, μu = 74.1 cm), but did not observe that ramet height or 

ramet growth rate differed among S. altissima ramets pre-attack. We note that by adding 

many additional galled S. altissima plants late in the season (increasing our sample size 

of attacked altissima ramets from 18 to 85), the differences we observe in ramet height in 

the Late season could have been present Early in the season, but we may not have had the 

power to detect such an effect. Indeed, if we compare ramet height taken at the end of the 

season for all unattacked S. altissima plants with only those 18 original galled ramets 

(from 85), we lose the power to detect an effect on ramet height (t20.7 = 1.72, p = 0.101, 

μa = 85.8 cm, μu = 74.1 cm), even though the magnitude of the difference is very similar. 

The lack of consistent findings (i.e. between our and other published studies) for which 

traits are related to attack by E. solidaginis suggests that there may be spatial and/or 

temporal variation in either the traits which E. solidaginis uses to select its hosts, or in the 
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relationship between morphological traits and the traits (i.e. chemical traits) actually 

important to E. solidaginis. 

 

Gnorimoschema gallaesolidaginis  

The host-associated lineages of G. gallaesolidaginis are well established and host errors 

are extremely rare (Nason et al. 2002; Stireman et al. 2005; S. B. Heard, pers. obs.).  We 

therefore predicted that G. gallaesolidaginis would use trait-space as in the distance-

divergence scenario.  

 

Gnorimoschema gallaesolidaginis’ use of pre-attack trait-space is mostly consistent with 

the distance-divergence hypothesis. Only the ‘Initial’ (two-trait) tests were conducted 

with pre-attack data for G. gallaesolidaginis due to its early phenology; both ‘Initial’ 

traits are measures of plant vigour.  Attack by G. gallaesolidaginis is associated with 

ramet vigour on both host species (Heard and Cox 2009).  We found the distance between 

the attacked trait-spaces was significantly distant (albeit difficult to visualize, Figure 

2.3D). We had predicted attack would be significantly marginal on both host species, and 

significantly distant. We obtained the distant result, but there was no evidence for 

marginal host use. Instead, we detected a significantly restricted use of S. gigantea and a 

tendency towards restricted trait-space use on S. altissima. These findings indicate that, 

based on the vigour traits assessed, individuals of G. gallaesolidaginis may be selecting 

an intermediate subset of trait-space (Figure 2.1B), which can occur if 

preference/performance is maximized on phenotypes with intermediate or the most 

common trait values.  
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What is noteworthy about our findings for G. gallaesolidaginis is it is the only insect for 

which we find a significant distant-test result. Several other herbivores show selective 

patterns of host trait-space use, but only for G. gallaesolidaginis are the attacked trait-

spaces significantly distant.   

 

Conducting trait-space tests for G. gallaesolidaginis later than our ‘Initial’ tests is 

problematic as the impact of gall formation is drastic (particularly on S. gigantea, Heard 

and Kitts 2012), likely strongly confounding measures of plant traits. We cannot reliably 

detect the distance pattern we observed in the Initial test in either the Early or Late 

analyses (both post-attack because of G. gallaesolidaginis’ early phenology). This 

suggests that for insects which induce strong changes to plant traits, only pre-attack data 

can be used as reliable measures for trait-space analyses despite logistical challenges. 

Alternatively, experimental approaches could be taken whereby genotypes are replicated 

(e.g. in common garden) but only a subset are available for attack. Such an approach 

would allow traits that can only be measured later in the season to be quantified on 

unattacked genotypes. 

 

Rhopalomyia solidaginis and R. capitata  

Rhopalomyia solidaginis and R. capitata are diverged sister species (Stireman et al. 

2005); therefore, we predicted R. solidaginis and R. capitata would exhibit the trait-space 

use pattern of the distance-relaxation hypothesis. 

 



 

64 

 

We detected no statistical pattern to host-trait space use for Rhopalomyia in either the 

Initial or Early trait-space tests. However, this is not a negative result – we did not predict 

divergent host use under the distance-relaxation hypothesis. In the Early season data, the 

distribution of attacked S. altissima plants overlaps considerably with the available (and 

attacked) host-trait space of S. gigantea, a result we do not see for either of our other two 

specialist herbivores. This result is consistent with the predictions of the distance-

relaxation hypothesis, namely that divergent use of host trait-space is not required to 

maintain reproductive isolation. Such a finding is also consistent with the biology of 

these Rhopalomyia species as diverged and undisputed sister species, and support the 

preliminary work conducted by Heard (2012), who found no statistically significant 

pattern to trait-space use for Rhopalomyia. However, this is only weak evidence in favour 

of the GAP model, because (as we elaborate below) the distance-relaxation scenario is 

not the only scenario to result in a lack of pattern to trait-space use. 

 

Our Late season data were not at all consistent with our Initial and Early patterns of trait-

space use; we detected several significant results in the Late test. These results indicate 

that induced changes in attacked phenotypes occurred on Rhopalomyia attacked plants, 

and the pre-attack (non-selective) patterns of host trait-space use are overridden by 

differences in induced traits. 

 

Generalist herbivores 
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We included generalists primarily as a way to vet our results for specialists. For 

generalist insects, we predicted that if host trait-space use was significantly marginal such 

marginality would not be away from the available trait-space on the alternate host.  

 

We found a number of the generalist insects surveyed demonstrated selective patterns of 

trait-space use prior to herbivore attack and in all cases, the direction of marginality was 

towards or orthogonal the available trait-space on the alternate host (Table 2.4i). Our 

results are thus consistent with our predictions for generalist herbivores, or perhaps most 

importantly, not consistent with the distance-divergence hypothesis. Our results indicate 

that the use of distant trait-space is limited to specialists undergoing HAD in this system.   

 

Once again, our analysis of post-attack traits was not consistent with patterns evident pre-

attack, with the exception of Liriomyza, which did retain the marginal result on S. 

altissima in all tests (Table 2.4ii).  

 

Host traits and the GAP model 

Do we have the right traits? And how would we know? 

Any study of herbivore response to plant traits must focus on just some of innumerably 

many possible traits – and one can therefore ask whether the selected traits were the 

“right” ones.  When we detect significant marginal use of host trait-space, we presume 

that we’ve included the ‘right’ traits. However, a number of equally parsimonious 

explanations for lack of pattern exist. First, it is possible that we measured the ‘wrong’ 
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traits. Second, perhaps a potentially subtle pattern may have been over-ridden by the 

inclusion of too many traits. Finally, host trait-space use may truly be non-selective.    

 

We can see two alternative approaches to deciding which traits to include. First, we could 

include many, arbitrarily chosen traits. The major drawback of this approach is that 

including too many ‘unimportant’ traits in the model might mask biologically relevant 

results when a few particular traits underlie insect attack. This masking issue is of 

particular concern when sample sizes of attacked plants are low (as will frequently be the 

case when plants must be identified before attack) and patterns on ‘important’ traits may 

be subtle.  Second, we could focus on traits which are known to be relevant to insect 

attack (a priori traits). Choosing traits that are mechanistically demonstrated to be 

involved in successful attack would provide strong tests of the GAP model, although we 

acknowledge that such a requirement would put a very substantial burden on researchers. 

 

In our study, we focused on a priori traits which were a combination of traits previously 

related to insect attack and traits which we hypothesized, based on the biology of some of 

the herbivores, could be important for attack. We were able to detect selective use of 

plants of particular trait values, but for E. solidaginis we found different traits correlated 

with herbivore attack than have previous studies, suggesting these traits may be proxies 

for traits that mechanistically underlie host selection by, traits that may be chemical in 

nature. We did not include any chemical traits into our model, although this is clearly a 

fertile avenue for future research. However, the difficulties in choosing which traits to 

include is not an issue unique to morphological traits and will perhaps be even more 
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difficult with the dozens of potential chemical compounds which vary inter and intra-

specifically among S. altissima and S. gigantea (Moffat, Leclair, Silk and Heard 

unpublished data).  

 

Going forward, we believe further tests of the model could be devised which evaluate the 

hypotheses of the GAP model for particular traits identified as mechanistically involved 

in host selection, acceptance, and development (i.e. preference and performance).  If the 

model were tested with traits known to be those directly involved in successful host-use, 

then a lack of support for the predictions of the GAP model would be sufficient to reject 

the hypothesis for that particular insect. 

 

Intraspecific and interspecific trait variation 

Host specialization may be especially likely to evolve when insects are selective on traits 

that distinguish species. We found some evidence for this pattern in our analyses, 

particularly for E. solidaginis with respect to stem pubescence. Pubescence is a 

diagnostic character separating S. altissima and S. gigantea (Semple 2016), so it is not 

surprising that variation in pubescence was high between the two host species and 

contributed strongly to the ordination of phenotypes (loading heavily on the first axis in 

the Early and Late tests, Appendix 2.2). Pubescence is a plant defense trait and so usually 

reduces herbivory (Levin 1973), but attack of S. altissima by E. solidaginis instead 

increased with pubescence density. Either or both sexes might prefer buds with higher 

pubescence, as it may provide a more tactile surface for maneuvering during mating, with 

oviposition preference following pleiotropically (although flies seem to mate on the 
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nearly hairless S. gigantea without issue). Alternatively, pubescence could decrease 

attack by some of E. solidaginis’ natural enemies. Or, pubescence could be merely 

correlated with another trait important to E. solidaginis’ successful use of S. altissima.  

Interestingly, in previous studies attack on S. altissima by E. solidaginis has been 

associated with ramet growth rate, bud diameter (strongly correlated with stem width) 

and leaf traits (e.g. leaf area, Horner and Abrahamson 1992). These traits are not strongly 

or consistently associated with differences between the two host species, and, with the 

exception of stem width, in our dataset did not load strongly on any pre-attack ordination 

axes. Insect preferences for these traits could certainly exist, but it is less clear how they 

could generate the pattern of distance in attack predicted by the GAP model.  

 

Our data for E. solidaginis suggest there is likely a link between those traits which differ 

between alternative host species and the divergent forces of selection acting on host-

associated populations. We propose that in the absence of knowledge of mechanistic 

traits, traits differing between host species, and particularly those which may show a 

gradient of values between host species, may be good candidate traits to explore for 

insects which have undergone HAD.   

 

The GAP model and complementary hypotheses 

We sought to test the GAP model of host-associated differentiation in the Solidago-

herbivore system. There are, of course, other hypotheses applicable to insects undergoing 

HAD. We see these other hypotheses as complementary, rather than as alternative, to the 

GAP model, and while we did not set out to test these hypotheses, interpreting our 
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findings in the context of these hypotheses may be useful to our knowledge of the 

mechanisms of HAD. 

 

The Genotypic Bridge Hypothesis (Craig et al. 2011) suggests that inter- and intra-

specific variation in host plant genotypes can facilitate or restrict HAD by acting either as 

a bridge or a barrier to gene flow among insects exploiting multiple host species. This 

hypothesis was developed by studying host races of E. solidaginis, which shows stronger 

preference and performance on its ‘correct’ host. However, flies do oviposit and are able 

to develop on a small subset of available alternate host phenotypes (Craig et al. 1997, 

2001, 2010) which may provide a bridge to use of the novel host. Our E. solidaginis data 

are consistent with the idea that these ‘bridging genotypes’ will be those that have 

phenotypes close in trait space to the ancestral host. Of course, such phenotypes can be 

generated by plasticity as well as by genotypic variation, as is stressed by Mason’s 

Plastic-Bridge Hypothesis (2016). Intermediate phenotypes which could bridge 

colonization onto a novel host could also occur due to hybridization (Floate and Whitham 

1993). Solidago altissima and S. gigantea are suspected by some to hybridize, but 

whether or not this actually occurs has not been confirmed. However, we cannot exclude 

the possibility that these two closely related species may have hybridized historically, and 

that intermediate individuals could have provided a path to HAD. However, the GAP 

model is not concerned with the mechanism responsible for driving the gradient of 

phenotypic variation, rather the GAP model aims to test the role such variation may play 

in driving HAD, regardless of how it arose. Distinguishing among the various 

mechanisms proposed to generate the gradient of variation would mean identifying the 
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relative genetic and environmental components (including genotype by environment 

interactions and/or introgression) driving host trait-space in a particular system, but this 

would be a useful step beyond the GAP model’s emphasis only on realized phenotypes.  

 

But what if variation in plant traits is not what drives HAD? 

The hypotheses we have outlined above attribute at least part of the mechanism 

responsible to host range expansions and HAD to the host. This is for good reason: it is, 

after all, host-associated diversification – divergent selection acts on insects exploiting 

different hosts.  But other hypotheses have been proposed which focus instead on the 

biology of the insect. For example, the ‘preadaptation’ hypothesis (e.g. Thomas et al. 

1987) holds that insects are only able to accept novel hosts into their diet to which they 

are ‘preadapted’, and do so when they encounter a novel host with which they previously 

did not have access (i.e. via invasions or range expansions). Alternatively, the ‘mutation’ 

hypothesis, posits that a genetic (mutational) change is necessary to spur use of a novel 

host (Tabashnik 1983). While either the preadaptation or mutation hypotheses are 

phenomena that could contribute to HAD, would it not be the individuals of the novel 

host most similar to the ancestral host that the insect is first selecting?  

 

What have we learned about the process of host-associated differentiation? 

We asked, does interspecific variation in host plant traits provide a path to host-

associated differentiation of herbivorous insects? There is ample evidence that plant traits 

can drive herbivore preference and performance and that herbivores can drive evolution 

of plant traits, but the literature is nearly devoid of study on whether plant traits play a 
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causal role in facilitating insect host range expansion and diversification. In this study, 

we provide some of the first evidence suggesting that host traits may play a role in 

driving the evolution of insect host range and host-associated differentiation, in ways that 

are largely consistent with Heard’s (2012) GAP model. However, even within a 

phylogenetically narrow host plant-herbivore system, herbivore responses to plant traits 

are complex. For the process of host-associated differentiation to proceed likely requires 

several ecological forces, operating at different times and perhaps in different places, to 

create the conditions necessary for an insect to progress thorough the biologically pivotal 

stages of HAD. Success on a novel host, like any newly exploited niche, is likely 

determined by a combination of ecological forces, including host location, the ability to 

physiologically complete development, and interactions with conspecific and 

heterospecific competitors and natural enemies in the environment. Quantifying the 

relative roles of the different ecological forces at play in the niche expansion and 

specialization involved in host-associated differentiation is a large task for the field, 

especially considering that we try to assess these forces thousands or millions of 

generations after the process began. Yet, the role of host traits in the diversification of 

insects may proceed in a predictable manner, and its signature can be detected in insects 

exploiting different hosts. Only further studies on herbivores in other systems which 

investigate the possible role of inter and intra-specific variation in host plant traits will 

clarify the general applicability of the GAP model of HAD to the ecological speciation of 

herbivorous insects.  
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Table 2.1: Significant results for tests for a difference in means between attacked and 

unattacked pre-attack (Initial and Early) trait values for each herbivore (where a 

significant result was found). Tests are Welch’s two-sample t-tests for numeric 

continuous traits, or Wilcoxon Signed Rank / Mann-Whitney tests for ordinal traits. 

alt=S. altissima, gig=S. gigantea, μa= mean of attacked ramets, μu= mean of unattacked 

ramets. 

Herbivore 
Host 
Test Traits t/w df P μa μu 

Specialists        
Gnorimoschema gig 

Early 
Ramet height 
Growth rate 
Leaf toughness 

-2.21 
-2.31 
2.76 

80.7 
112.3 

77.3 

0.038 
0.023 
0.007 

28.0 
0.15 
6.80 

30.0
0.23 
5.85 

Eurosta alt  
Early 

Stem pubescence 5029   -aa      0.029 3.15 2.82 

Generalists        
Asphondylia  alt 

Initial 
Ramet height  2.42 23.5 0.024 17.7 15.0 

Liriomyza alt 
Initial 

Ramet height  
Leafiness  

 2.27 
 2.92 

29.7 
29.1 

0.031 
0.007 

17.1 
8.7 

15.0 
7.0 

 alt  
Early 

Ramet height 
Stem width 

 3.29 
 2.33 

30.7 
30.1 

0.003 
0.027 

34.2 
4.1 

30.1 
3.6 

Asteromyia  alt 
Initial 

Ramet height 
Leafiness 

 2.18 
 2.80 

148.7 
138.8 

0.031 
0.006 

16.0 
7.8 

14.9 
7.0 

Nemorimyza  gig  
Early 

Stem colour 
Leaf toughness 
Stem width 

1860 
-2.19 
 3.05 

- aa 
44.1 
91.1 

 0.001 
0.034 
0.003 

2.5 
5.6 
4.0 

1.6 
6.2 
3.6 
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Table 2.2: Results of host trait-space analyses of pre-attack trait data (Initial and Early) 

for specialist and generalist herbivores using S. altissima (alt) and S. gigantea (gig). 

Shaded cells represent tests where we predicted a possibly significant result. 

   
Ramets  

Attacked 
(Total) 

Trait-space tests 

Herbivores 
 

Host 
Marginal 

P 
Direction 

 
Distant  

P 
Restricted 

P 

Specialists        
Eurosta Initial alt 18 (452) 0.656  - 0.306 

  gig 1 (320) -   - 

 Early alt 18 (396) 0.029 152.9° Away - 0.975 

  gig 1 (268) -   - 

Gnorimoschema Initial alt 41 (452) 0.274  0.044 0.069 

  gig 44 (320) 0.112   0.018 

 Early alt 45 (468) 0.320  0.278 0.496 

  gig 45 (332) 0.500   0.067 

Rhopalomyia Initial alt 9 (452) 0.443  0.236 0.624 

  gig 6 (320) 0.312   0.578 

 Early alt 9 (396) 0.307  0.118 0.310 

  gig 5 (268) 0.621   0.357 
 

Generalists 
       

Liriomyza Initial alt 28 (452) 0.001 37.1° Towards 0.955 0.945 

  gig 9 (320) 0.549   0.583 

 Early alt 26 (396) 0.017  0.579 0.738 

  gig 8 (268) 0.777   0.581 

Asteromyia Initial alt 53 (452) 0.006 19.3° Towards 0.206 0.642 

  gig 9 (320) 0.954   0.362 

 Early alt 51 (396) 0.615  0.140 0.785 

  gig 8 (268) 0.620   0.617 

Asphondylia Initial alt 23 (452) 0.025 23.7° Towards 0.953 0.800 

  gig 7 (320) 0.420   0.753 

 Early alt 22 (396) 0.416  0.879 0.109 

  gig 7 (268) 0.316   0.142 

Nemorimyza Initial alt 32 (452) 0.994  0.170 0.818 

  gig 6 (320) 0.159   0.884 

 Early alt 31 (396) 0.193  0.496 0.573 

  gig 5 (268) 0.002 105.8° Orthogonal…………… 0.677 
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Figure 2.1: Possible patterns of host trait-space use by herbivorous insects, where 

available host individuals are points in trait-space. Open circles denote unattacked hosts, 

filled circles denote attacked hosts. Modified after Heard (2012). 
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Figure 2.2: A. Predicted patterns of host trait-space use for specialist insects predicted by 

the GAP Model, modified after Heard (2012). Triangles denote the ancestral host and 

circles the novel host, open shapes are unattacked individuals and filled shapes attacked 

individuals, i. marginal use of ancestral host-trait space provides a path to making host-

choice errors onto adjacent individuals of a novel host species, ii. following host range 

expansion, the specialist insect becomes narrowly oligophagous and accepts individuals 

of both host species that are adjacent in host trait-space, iii. early host-associated 

differentiation requires divergent use of host trait-space to minimize gene flow between 

incipient host races, iv. the use of trait-space for two reproductively isolated specialist 

species need not be divergent, so the distance between the attacked trait-spaces may 

relax. B. Statistical predictions for the marginal, direction, distance, and restricted tests. 

Asterisks denote tests for which we only expect (significant) results if preceding tests are 

significant, i.e. a result for Direction is contingent on a significant marginal result, and we 

only expect a restricted result when we find a significant distance result in the absence of 

a marginal result. C. Stages of HAD predicted for three specialist herbivores.  
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Figure 2.3: A. Direction of marginality. When a significant marginal test result is 

obtained, the direction of marginality can be calculated as the angle (n°) between (i) the 

vector (black line) which connects the centroids of the available ancestral (red) and the 

novel (blue) trait-spaces and (ii) the vector (red arrow) connecting the centroids of the 

available ancestral and attacked ancestral trait-spaces. Possible directions of marginal 

trait space: towards, orthogonal or away from the available trait-space of the alternate 

host. In this example, the attacked trait-space on the ancestral host is marginal away from 

the novel host The GAP model predicts marginal results relevant to HAD may be 

towards or away, but not orthogonal to the alternate host. B. Hypothetical example of 

marginal-orthogonal use of trait-space, where attack on the novel species is marginal and 

orthogonal to the available ancestral trait-space which shows no significant result. 
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Figure 2.4: Patterns of host trait-space use for specialist (A-I) and generalist (J-U) 

herbivorous insects using S. altissima (red/pink) and S. gigantea (blues), based on 

Component (Axis) 1 and 2 of each pre-attack (Initial, Early) or post-attack (Late) trait-

space analysis. Each contour represents 1/3 of either the available (light colours) or 

attacked (dark colours) host individuals. Traits used to generate the phenotype 

distributions are listed in Table 2.2; statistical patterns are summarized in Tables 2.4i and 

2.4ii. Comparisons across all components are shown in Appendix 2.3. 
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Figure 2.4 continued 
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Appendix 2.1:Correlation coefficients among traits assessed in the Initial, Early and Late 

trait-space analyses for S. altissima and S. gigantea (separately). 

S. altissima Initial       

 Height Leafiness      

Height 1 0.658      

Leafiness 0.658 1      

        S. gigantea Initial       

 Height Leafiness      

Height 1 0.579      

Leafiness 0.579 1      

        S. altissima Early       

 Stem 
colour 

Stem 
hairiness 

Leaf 
toughness 

Stem 
width 

Height Growth 
rate 

Leafiness 

Stem 
colour 

1 0.032 0.033 0.185 0.059 0.101 0.172 

Stem 
hairiness 

0.032 1 0.164 0.106 0.074 -0.036 0.064 

Leaf 
toughness 

0.033 0.164 1 0.165 -0.009 0.019 -0.113 

Stem width 0.185 0.106 0.165 1 0.525 0.055 0.435 

Height 0.059 0.074 -0.009 0.525 1 0.192 0.587 

Growth 
rate 

0.101 -0.036 0.019 0.055 0.192 1 -0.019 

Leafiness 0.172 0.064 -0.113 0.435 0.587 -0.019 1 

        S. gigantea Early       

 Stem 
colour 

Stem 
hairiness 

Leaf 
toughness 

Stem 
width 

Height Growth 
rate 

Leafiness 

Stem 
colour 

1 0.029 -0.089 0.11 -0.008 -0.037 0.072 

Stem 
hairiness 

0.029 1 -0.016 -0.043 -0.152 -0.162 -0.065 

Leaf 
toughness 

-0.089 -0.016 1 0.188 0.027 -0.048 0.092 

Stem width 0.11 -0.043 0.188 1 0.375 0.068 0.471 

Height -0.008 -0.152 0.027 0.375 1 0.199 0.514 

Growth 
rate 

-0.037 -0.162 -0.048 0.068 0.199 1 0.035 

Leafiness 0.072 -0.065 0.092 0.471 0.514 0.035 1 
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Appendix 2.2: Factor loadings of each trait onto the first three principal components for 

each analysis (for Early, the analysis was a PCoA so the loading is the correlation 

between each trait and each axis). 

Test Traits Axis 1 Axis 2 Axis 3 

Initial Height -0.7070  0.7070   - 

 Leafiness -0.7070 -0.7070   - 

Early Stem colour -0.8514  0.4942 -0.0818 

 Stem hairiness -0.6748 -0.6375 -0.1951 

 Leaf toughness -0.1603 -0.2575 -0.0377 

 Stem width -0.4393 -0.1991  0.6022 

 Height -0.1402 -0.0768  0.8565 

 Growth rate  0.0111  0.0351  0.1365 

 Leafiness -0.2628 -0.0324  0.7260 

Late Leaf toughness  0.1251  0.0322 -0.0999 

 Stem width -0.2573 -0.2486  0.2313 

 Height -0.2752 -0.3849  0.0600 

 Branching -0.2481 -0.3049 -0.2223 

 Buds in flower -0.2300 -0.4132 -0.1875 

 Florets to seed -0.1972 -0.4271 -0.2386 

 Senescence  0.0544  0.1250 -0.5482 

 Stem pubescence density -0.3683  0.2091  0.2040 

 Stem pubescence length -0.3767  0.1773  0.1859 

 Leaf shape -0.2651  0.0747  0.1523 

 Leaf area  0.2185 -0.2330  0.5318 

 Leaf dentition  0.3676 -0.1769  0.0275 

 Leaf denticle depth  0.2177 -0.2730  0.3103 

 Leaf pubescence -0.3286  0.2940  0.1077 

  



 

85 

 

Appendix 2.3i: Early season patterns of host trait-space use for specialist insects using S. 

altissima (red/pink) and S. gigantea (blues), based on all ordination components. Each 

contour represents 1/3 of either the available (light colours) or attacked (dark colours) 

host individuals. Traits used to generate the phenotype distributions are listed in Table 

2.2; statistical patterns are summarized in Tables 2.4i and 2.4ii. 
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Appendix 2.3ii: Late season patterns of host trait-space use for specialist insects using S. 

altissima (red/pink) and S. gigantea (blues), based on all ordination components. Each 

contour represents 1/3 of either the available (light colours) or attacked (dark colours) 

host individuals. Traits used to generate the phenotype distributions are listed in Table 

2.2; statistical patterns are summarized in Tables 2.4i and 2.4ii. 
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Appendix 2.3iii: Early season patterns of host trait-space use for generalist insects using 

S. altissima (red/pink) and S. gigantea (blues), based on all ordination components. Each 

contour represents 1/3 of the available (light) or attacked (dark) host individuals.  
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Appendix 2.3iv: Late season patterns of host trait-space use for generalist insects using 

S. altissima (red/pink) and S. gigantea (blues), based on all ordination components. Each 

contour represents 1/3 of the available (light) or attacked (dark) host individuals. 
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Abstract 

The ball gall fly Eurosta solidaginis Fitch is considered a classic example of sympatric 

host race formation for herbivorous insects. Host-associated races have evolved at least 

twice in E. solidaginis: the well-known host race pair on the ancestral Solidago altissima 

and the derived S. gigantea, and races on the forest and prairie subspecies of S. altissima. 

Here, we investigate if E. solidaginis gall flies on S. rugosa represent another host-

associated race. We test two competing hypotheses: (i) that galls on S. rugosa are made 

by the S. altissima host race of E. solidaginis or that (ii) gall flies on S. rugosa represent 

an evolutionarily independent host race genetically distinct from either the S. altissima or 

S. gigantea associated host races. Under the first hypothesis we predict that flies 

associated with S. altissima and S. rugosa would not be genetically distinct, but that S. 

rugosa (and S. altissima) flies would be genetically distinct from S. gigantea flies. Under 

the second hypothesis we predict there would be evidence of host-associated genetic 

divergence among flies collected from all three host species, but that there would be less 

genetic divergence between S. rugosa and S. altissima flies than between flies from S. 

altissima compared to S. gigantea, the established host race pair. We test these 

predictions by comparing genetic variation among E. solidaginis flies collected from S. 

rugosa, S. altissima, and S. gigantea, in an adjacent COI/COII region of the 

mitochondrial genome previously used to identify host races in E. solidaginis. The 

majority of flies, regardless of host plant, shared the same mtDNA haplotype across our 

study region. However, we detected several additional haplotypes, the majority of which 

were not shared among host species. At the local (site) scale we were able to discern S. 

gigantea-associated fly haplotypes from either S. altissima or S. rugosa haploytpes, but 
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the majority of S. altissima and S. rugosa flies shared the same haplotype locally. We do 

not find compelling evidence that E. solidaginis galls on S. rugosa represent a genetically 

distinct host race from S. altissima. Our data cannot reject the hypothesis that populations 

of E. solidaginis using S. altissima and S. rugosa in the north-eastern US are one 

narrowly oligophagous species attacking two host plant species. However, the presence 

of rare unique haplotypes on both S. rugosa and S. altissima, and use of S. rugosa in the 

absence of use on sympatric S. altissima, may indicate that E. solidaginis associated with 

these two hosts are in the earliest stages of host-associated divergence. 
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Introduction 

Host-associated divergence, or HAD, in which divergence occurs via adaptation to 

different host species, is widespread among herbivorous insects and plays a key role in 

generating their vast diversity (e.g. Bush 1969; Berlocher and Feder 2003; Stireman et al. 

2005; Joy and Crespi 2007; Matsubayashi et al. 2010). Evidence for HAD can be found 

across feeding guilds and taxonomic groups of insects, including leaf-chewing beetles 

(Zhang et al. 2015), stick insects (e.g. Timema spp., Crespi and Sandoval 2000), fruit-

boring flies (e.g. Rhagoletis pomella, Bush 1969), and gall-forming insects across several 

orders (e.g. Stireman et al. 2005). Insects in the earliest stages of host-associated 

specialization are often only partially reproductively isolated as ecological (e.g. 

phenological asynchrony) and/or behavioural (e.g. host preference) pre-zygotic 

mechanisms may be responsible for assortative mating. Divergent selective pressures act 

on traits present in these host-associated populations, presumably those related to host 

finding and host acceptance, and genetic divergence occurs both as the direct result of 

adaptive selection or as result of genetic drift (Nosil et al. 2008). Yet prior to 

(substantive) accumulations of genetic divergence, “a population of a species that is 

partially reproductively isolated from other conspecific populations as a direct 

consequence of adaptation to a specific host” is known as a host race or host-associated 

race (Diehl and Bush 1984). Studies of host-race formation, the process by which host 

races arise and are maintained, are some of the most interesting among those on 

ecological speciation of herbivorous insects as they may lend themselves to elucidating 

the mechanisms responsible for contemporary local adaptation. 
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The gall-inducing fly Eurosta solidaginis Fitch (Diptera: Tephritidae) is a specialist 

herbivore radiating through host-plant shifts (Abrahamson and Weis 1997). Eurosta 

solidaginis (specifically, the eastern subspecies E. solidaginis solidaginis, Ming 1989) is 

well known for establishing host-associated races on Solidago altissima L. and on S. 

gigantea Ait (Abrahamson et al. 1989; Waring et al. 1990), both part of Solidago subsect. 

Triplinerviae (Torr. & A. Gray) G.L. Nesom (Semple 2016). More recently, additional 

host races have been documented associated with the forest and prairie sub-species of S. 

altissima, S. altissima altissima and S. altissima gilvocanescens (Craig and Itami 2011; 

Craig et al. 2011). Differential host-associated adaptation of E. solidaginis is supported 

by substantial behavioural (Craig et al. 1993), ecological (How et al. 1993; Abrahamson 

and Weis 1997), and genetic (Waring et al. 1990; Brown et al. 1996; Itami et al. 1998) 

evidence. The majority of the behavioural and ecological evidence comes from extensive 

study of S. altissima associated flies in Pennsylvania (e.g. Abrahamson et al. 1989; 

Abrahamson and Weis 1997) as well as study of sympatric S. altissima and S. gigantea 

associated populations of E. solidaginis in Minnesota (e.g. Craig et al. 1997). Populations 

associated with S. altissima and S. gigantea maintain partial reproductive isolation due to 

asynchronous emergence, strong host-associated oviposition preferences and assortative 

mating, and hybrid inferiority (Craig et al. 1993; Abrahamson and Weis 1997; Craig et al. 

1997).  

 

Four studies to date have investigated genetic divergence of the host-associated S. 

altissima and S. gigantea races (Waring et al. 1990; Brown et al. 1996; Itami et al. 1998; 

Smith et al. 2002), summarized in Table 3.1. All four found evidence supporting host-
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race formation in E. solidaginis populations that use S. altissima and S. gigantea. Based 

on greater genetic diversity of flies associated with S. altissima (than S. gigantea), S. 

altissima is considered the ancestral host and S. gigantea the derived host race (Waring et 

al. 1990; Brown et al. 1996; Itami et al. 1998). However, a study by Smith et al. (2002) 

found greater genetic diversity among S. gigantea-associated flies (Table 3.1). These 

independent lines of evidence clearly support the hypothesis that E. solidaginis has 

evolved host-associated races associated with S. altissima and S. gigantea, hereafter 

altissima flies and gigantea flies (Craig et al. 1999; Craig et al. 2001). 

 

Host use by E. solidaginis varies across its range. The primary host species of E. 

solidaginis across its wide geographic distribution (from Atlantic Canada to Minnesota to 

Texas and Florida, Abrahamson and Weis 1997) is S. altissima, on which galls are 

abundant across the range. Use of S. gigantea is common, but geographically restricted in 

comparison to S. altissima, from western Maine, across New England and to the north-

central United States (Waring et al. 1990). In particular, in northeastern Maine and 

Atlantic Canada (the area of our study), S. gigantea is abundant but not exploited. At 

least five other species of Solidago, including S. canadensis, S. (Euthamia) graminifolia, 

S. serotina, S. ulmifolia and S. rugosa, are mentioned as hosts in the literature (Wasbauer 

1972; Novak and Foote 1980; Ming 1989), although it is unclear whether these represent 

rare oviposition errors after which larvae do not survive, acceptable but uncommon hosts, 

or something else.  
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In particular, Solidago rugosa Miller has been mentioned several times as a host of E. 

solidaginis (Felt 1917; Felt 1940; Uhler 1951; Miller 1959; Wasbauer 1972; Batra and 

Lichtwardt 1963; Novak and Foote 1980; Waring et al. 1990; Abrahamson and Weis 

1997). While S. rugosa often occurs in sympatry or parapatry with S. altissima, S. 

gigantea and E. solidaginis across much of their distributions (Semple and Cook 2006), 

galls on S. rugosa have been infrequently observed (Abrahamson and Weis 1997; Waring 

et al. 1990). Experimental assays conducted with Pennsylvania altissima flies (where S. 

rugosa is present but galling not observed) indicated S. rugosa was not a suitable host for 

the E. solidaginis flies tested (Abrahamson et al. 1989). During the extensive study of E. 

solidaginis by Abrahamson and colleagues, rare attack of S. rugosa by E. solidaginis was 

considered to possibly be a host-choice (oviposition) error (W.G. Abrahamson, pers. 

comm.) made by altissima flies.  Use of S. rugosa by E. solidaginis has been confirmed 

in Maine and was considered occasional in the late 1980s (Waring et al. 1990). More 

recent observations in the northeastern United States appeared to indicate an increase in 

frequency of galls on S. rugosa, from a few galls observed in the 1980s and 90s to dozens 

of galls in recent years in New York state (M.K. Takahashi, pers. comm.), although data 

to document such a trend were not recorded. 

 

Given that host-associated divergence has been initiated at least twice in E. solidaginis, 

coupled with the observation that E. solidaginis may have recently increased its use of S. 

rugosa, we set out to investigate if E. solidaginis flies on S. rugosa in the northeastern 

United States and adjacent regions of Canada have initiated host race formation.  For two 

reasons, we expected that the origin of E. solidaginis flies on S. rugosa would be from 
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populations associated with S. altissima. First, S. altissima is considered the ancestral 

host for the derived S. gigantea host race (Table 3.1; Waring et al. 1990; Brown et al. 

1996; Itami et al. 1998), and second, in the eastern part of our study area where E. 

solidaginis occurs on S. rugosa, S. gigantea is not used as a host. 

 

In this study, we use sequencing of a region of the mitochondrial genome to evaluate two 

alternate hypotheses concerning the origins of any genetic variation among E. solidaginis 

using three Solidago species in New England. First, that host-associated genetic 

divergence may have proceeded in populations of E. solidaginis that use S. rugosa, such 

that flies on S. rugosa constitute their own host-associated race. Under this hypothesis, 

we predict that E. solidaginis collected from S. rugosa would be genetically distinct from 

those that attack S. altissima and S. gigantea. Given we hypothesize S. altissima is the 

ancestral host for rugosa flies, we predict that if rugosa flies are genetically distinct from 

altissima flies, they would be less distinct from altissima flies than are gigantea flies, 

which are well-known to be established host races. Alternatively, galls of E. solidaginis 

on S. rugosa could be made by flies of the S. altissima host race. Under this hypothesis, 

we predict that E. solidaginis attacking S. rugosa would not be genetically distinct from 

those that attack S. altissima. Two scenarios are further possible under this second 

hypothesis. Use of S. rugosa in this region may constitute host-plant selection (host-

choice/oviposition) errors made by altissima flies, in which a host is accepted but larval 

survival and/or maternal fitness would be decreased. Such host-choice errors are 

considered the first step in host-associated differentiation, because if even few host-

choice errors are (marginally) successful, this provides a path to a host shift (HAD, Heard 
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2012). If HAD has progressed further, altissima flies could have recently expanded their 

host range to accept S. rugosa and be narrowly oligophagous in this region. These two 

scenarios are not discernable with genetic data, and would require quantifying a 

combination of host-use frequency data and behavioural assays, which we do not 

undertake in the present study. Under the host-choice errors scenario we would expect 

attack on S. rugosa to be infrequent and to only occur in the presence of sympatric use of 

S. altissima.  

 

We tested these predictions by comparing the COI/II regions of the mitochondrial 

genome of E. solidaginis collected from sympatric populations of S. altissima and S. 

rugosa, as well as S. gigantea (although populations were not always sympatric). We 

chose this gene region because it has previously been used to discriminate among host-

associated haplotypes of E. solidgaginis (Brown et al. 1996; J.M. Brown unpublished 

data). We include gall flies from S. gigantea in order to compare the relative genetic 

divergence between all host (race) pairs, and in order to test our hypothesis that E. 

solidaginis on S. rugosa originated with the S. altissima host race.  

Methods 

a. Sample collection and processing 

We collected galls of Eurosta solidaginis at a total of 31 sites in the Canadian provinces 

of New Brunswick and Quebec and the US states of Maine, Vermont, New Hampshire 

and New York in the fall and winter of 2009 and in the month of September from 2013-

2015 (Appendix 3.1, 3.1A). We focused on old fields or disturbed sites where S. rugosa 
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was sympatric with S. altissima and where possible S. gigantea, and which had at least 

several hundred ramets of each species. At each site, we visually inspected ramets of S. 

rugosa, S. altissima and S. gigantea for galls induced by E. solidaginis. Galled ramets 

were collected from the field and galls were either dissected and larvae of E. solidaginis 

preserved in 95% EtOH (2009, 2013 and 2015) or intact galls were overwintered in a 

glasshouse and adult flies were preserved in 95% EtOH (2014). Flies obtained in 2009 

were collected by M.K. Takahashi and colleagues and were processed in a similar 

manner. All subsequent methods were followed for all flies.  

 

At the time of collection in all years, mortality of some E. solidaginis larvae had occurred 

and instead of a third instar larva, a natural enemy was present in the gall. These natural 

enemies were the parasitoids Eurytoma gigantea or E. obtusiventris (Hymenoptera: 

Eurytomidae) or the inquline Mordellestina convicta (Coleoptera: Mordellidae), which 

are easily distinguishable from each other and E. solidaginis (see Figure 2.11 in 

Abrahamson and Weis 1997). Some collections were subject to high parasitism (> 90%) 

and resulted in only 1-2 viable larvae. We therefore pooled sites when sample sizes were 

very low and when sites were very near (within a maximum of 10 km but usually less 

than 5 km from each other) for further analyses. Collections/sites that were pooled were 

from 2013-2015 collections and are listed in Appendix 3.1/3.1A. We were able to obtain 

larvae viable for sequencing from twenty-five sites, and a total of seventeen sites 

remained after pooling, the minimum distance between these sites was 16 km. 

 

b. DNA extraction, amplification and sequencing 
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Genomic DNA was extracted from whole larvae (crushed) or whole flies (abdomen only 

crushed) using a Qiagen DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA), 

following the manufacturer’s instructions, except 4 uL RNAse A was added following 

lysis, and the final elution step consisted of two elutions each of 50 uL EB buffer, rather 

than the supplied AE buffer. 

 

We amplified an approximately 800 base pair fragment of the cytochrome c oxidase 

subunits I and II (COI and COII) of the mitochondrial genome using the polymerase 

chain reaction (PCR) primers S2183 [5’CAACATTTATTTTGATTTTTTGG 3’ (J.M. 

Brown, unpublished data)] and A3020 [5’ ATCCATTCCACTAATCTGCC 3’ (Brown et 

al. 1996)]. These primers have successfully identified host-associated haplotypes of E. 

solidaginis in previous studies (Brown et al. 1996, J.M. Brown, unpublished data) and 

have been used for multiple orders of Insecta (GenBank primer blast, Ye et al. 2012). 

Amplification was performed in a 30 μL volume consisting of 10 ng DNA, 1X 

ThermoPol reaction buffer (New England Biolabs, NEB), 0.2 mmol L−1 dNTPs (NEB), 

0.5 μmol L−1 forward and reverse primers, and 0.8 U Taq polymerase (NEB). Thermal 

cycling conditions were 95°C for 5 min, followed by 39 cycles of 95°C (30 s), 50°C (30 

s), 72°C (60 s), and a final extension at 72°C for 5 min. Sequencing was done using 

forward and reverse PCR primers at the Genome Quebec Innovation Centre (Montreal, 

Quebec) from flies collected in 2013-2015, or at the University of Pennsylvania DNA 

Sequencing Facility for flies collected in 2009. 

 

c. Sequence alignment and analysis 
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We obtained edited and aligned sequences of E. solidaginis collected from seven sites in 

New Hampshire, Vermont and New York which were sampled by M.K. Takahashi in 

2009 (see Methods section a. Sample collection and processing above; Appendix 3.1). In 

addition, we obtained one sequence of E. solidaginis belonging to the Western (W) 

haplotype clade (Brown et al. 1996) collected near Menominee, WI, and one sequence of 

E. solidaginis belonging to the Washington haplotype clade, collected in the Yakima 

River Valley near Cle Elum, WA (J.M. Brown, unpublished data). Both of these 

sequences are included in the haplotype network but not any other analyses. 

 

Our sequences were aligned to the above mentioned sequences, edited, and trimmed to a 

length of 795 base pairs using Sequencer 5.0 (Gene Codes). Using PopART (Leigh et al. 

in prep.), we identified haplotypes and generated a TCS statistical parsimony haplotype 

network to visualize the variation among haplotypes (Templeton et al. 1992, Clement et 

al. 2000). To test the hypothesis that HAD has proceeded in populations of E. solidaginis 

using S. rugosa, we conducted a hierarchical AMOVA (Analysis of MOlecular 

VAriance; Excoffier et al. 1992), following Nei (1987), as implemented in the PEGAS 

package (Paradis 2010) in R (R Core Team 2016). We also compared genetic divergence 

among host species pairs with pairwise ΦPT, a FST analogue for haplotypic sequence data, 

and calculated Nei’s nucleotide diversity (total and within host species) both in the 

PEGAS package.  For the AMOVA, we generated a K2P pairwise distance matrix from 

our sequence data (K80, Kimura's 2-parameters distance, Kimura 1980) and partitioned 

variation among host species and sites. To compare the proportion of variation explained 

by host species for all pairwise combinations of host species, we ran subsequent 
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AMOVAs among host pairs. To rule out the potential that isolation-by-distance may be 

producing spurious host-race signals, we conducted a Mantel test to test the correlation 

between dissimilarity of distance matrices generated from (a) sequence divergence and 

(b) Euclidian geographic distance among all samples (Mantel 1967; Sokal 1979) 

following Legendre and Legendre (1998) in the VEGAN package (Okasen et al. 2016) in 

R (R Core Team 2016). 

Results 

We found evidence that both host availability and host-use by E. solidaginis varied 

among sites (Appendix 3.1). Of the thirty-one sites surveyed, fifteen contained all three 

host species, eleven contained only S. altissima and S. rugosa, two contained only S. 

rugosa and S. gigantea, two only S. altissima and one only S. rugosa. Notably, of these 

eleven sites where S. altissima and S. rugosa were sympatric and S. gigantea was absent, 

at three we located galls of E. solidaginis only on S. rugosa (and not on S. altissima). We 

also located galls on only S. altissima at one of these eleven sites. We further found galls 

on S. rugosa in the absence of galls on S. altissima, but in the presence of galls on S. 

gigantea, at one site. Of the fifteen sites where S. altissima was sympatric with S. 

gigantea, S. rugosa was also present. At six we located galls on S. altissima and S. 

rugosa and not S. gigantea, and at one site only on S. gigantea and S. rugosa and not S. 

altissima. Of the seventeen sites where S. rugosa and S. gigantea were sympatric (two in 

the absence of S. altissima), at five we did not locate galls on S. gigantea, and at two we 

did not locate galls on S. rugosa.  
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We identified twelve haplotypes which are named based on geographic location (usually 

corresponding to a state) and host species (a, g, and r for S. altissima, S. gigantea and S. 

rugosa respectively; Table 3.2, Figure 3.1).  A single haplotype NEagr (NE = New 

England) was recovered from the majority of flies regardless of host species or location, 

and was found in fifteen of seventeen populations sampled (Table 3.2, Figure 3.2). This 

“dominant haplotype” was identified in 77, 43 and 89 percent of altissima, gigantea and 

rugosa flies respectively (Table 3.2). However, between four and five other “alternate 

haplotypes” were recovered from each host species (Table 3.2). These alternate 

haplotypes in nearly all cases were unique to one host species, except that one individual 

of an altissima fly had a gigantea haplotype (NHg) and one gigantea fly had an altissima 

haplotype (NYa) (Figure 3.1, Figure 3.2).  

 

The majority (89 %) of E. solidaginis individuals obtained from S. rugosa shared the 

same haplotype (NEagr) as E. solidaginis obtained from S. altissima. We identified this 

haplotype from rugosa flies at twelve of the thirteen sites from which we sequenced 

rugosa flies. Despite 43 % of gigantea flies sharing the same haplotype (NEagr) as rugosa 

and altissima flies, at most sites where gigantea flies were sympatric with altissima and 

rugosa flies, all or nearly all gigantea flies sequenced were of a different haplotype, one 

not shared with either altissima or rugosa flies (Figure 3.2). At four of the seven sites 

where we were able to sequence flies from all three host species, gigantea flies had a 

different haplotype than either altissima or rugosa flies. At the remaining three sites, 

some gigantea flies shared the NEagr haplotype with flies from at least one other host 

species but alternate gigantea haplotypes were also present. Even where the majority of 
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gigantea flies had the NEagr haplotype, only a minority of altissima (and no rugosa) flies 

shared this haplotype in sympatry. At our most westerly site, seven of eight altissima flies 

sequenced were the NYa haplotype and one NEagr, while five of six gigantea flies were 

the NEagr haplotype. Thus, at the local site scale, gigantea flies are genetically distinct 

from altissima and rugosa flies.  

 

In contrast, when altissima and rugosa flies were in sympatry, the majority of these flies 

shared the same haplotype (NEagr) even if unique haplotypes were also present. Rugosa 

flies never shared an alternate haplotype with flies from other host species.  

The highest genetic diversity was found among gigantea flies (0.34 %), followed by 

altissima flies (0.248 %), and the lowest genetic diversity among rugosa flies (0.028 %, 

Table 3.2), an order of magnitude lower than flies on the other two host species. For 

gigantea flies, the alternate haplotypes are separated from the dominant haplotype by one 

to four base pairs, except the one individual with membership in the NYa haplotype, 

which was nine base pairs different from the dominant haplotype. The alternate 

haplotypes of gigantea flies always contained multiple individuals (minimum five) and 

were found at multiple locations. For altissima flies, the two most common haplotypes 

(NEagr and NYa) differ by nine base pairs, and with the exception of NYa the alternate 

haplotypes on altissima belonged to a single individual (and thus a single site). For 

rugosa flies, all alternate haplotypes only differ from the dominant haplotype by one base 

pair and always were restricted to one site, although multiple individuals were recovered 

from one haplotype.  
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Our haplotype NEagr is similar to a haplotype identified by Brown et al. (1996), their E 

haplotype clade found in populations in the eastern extent of their study area (inc. 

Vermont, New York and Pennsylvania), but differs by two base pairs. The sequence from 

the W haplotype supplied by J.M. Brown (pers. comm., also identified in Brown et al. 

1996), obtained from the western extent of their study area (Michigan and westward), 

matches our haplotype NYa exactly. We recovered this haplotype from 10 altissima flies 

from two sites (QC and ULL, 180 km apart) and one gigantea fly from site ULL.   

The majority of nucleotide variation observed was clearly exhibited within, not among, 

host species (AMOVA, Table 3.3): just over eight percent of the variance among 

sequences was explained by host species (p = 0.078). Our pairwise ΦPT results (a FST 

analogue for haplotypic sequence data) indicate more genetic divergence is present 

between flies collected from S. rugosa compared to S. altissima as is present between 

flies collected from S. gigantea compared to S. altissima (Table 3.4A). We stress here 

that while the pairwise ΦPT results were obtained from the hierarchical AMOVAs, these 

results were not obtained from hierarchical methods and were obtained by effectively 

pooling all haplotypes across our sampling area (see discussion). That rugosa flies are 

more genetically differentiated from altissima or gigantea flies than the latter two are 

from each other (across the entire sampling area) is corroborated by the proportion of 

variation explained by host species in the pairwise AMOVA tests. For the AMOVA with 

just altissima and gigantea flies, only 0.23 % (p = 0.37) of the genetic variation can be 

explained by host species, while 6.2 % is explained by site. However, when comparing 

rugosa flies to altissima flies, an estimated 6.4 % (p = 0.08) of the genetic variation is 

explained by host species and 20 % by site, and for rugosa and gigantea flies 18 % (p = 
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0.006) of the genetic variation can be explained by host species and 20 % by site (Table 

3.3A, 3.3B, 3.3C). In all pairwise cases, the majority of genetic variation is attributable to 

within-site variation. 

 

Our Mantel test for correlation between genetic and geographic distance found, when we 

included all samples, a significant but extremely weak spatial structuring of haplotypes in 

the region sampled (r2 = 0.016, p = 0.005). This result was driven entirely by the presence 

of the highly divergent NYa (W) haplotype present in New York State (a Mantel test 

excluding individuals of this haplotype yielded r2 = 0.002, p = 0.837). 

Discussion 

We tested two alternative hypotheses regarding host use of S. rugosa by E. solidaginis. 

We hypothesized that these flies may represent a divergent host-associated race, or 

alternatively, that galls on S. rugosa are made by flies associated with S. altissima. We 

hypothesized the origin of flies on S. rugosa would be the S. altissima host race of E. 

solidaginis regardless if HAD had proceeded or not. If galls induced on S. rugosa were 

made by an evolutionary independent host race, we predicted divergent mtDNA 

sequences would exist between rugosa and altissima flies. If galls on S. rugosa were in 

fact induced by altissima flies, we predicted there would be no difference in the mtDNA 

sequences from flies recovered from either S. rugosa or S. altissima. 

 

Taken together, our results are most consistent with the second hypothesis, that galls of 

E. solidaginis found on S. rugosa are made by flies associated with S. altissima. We do 
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not find sufficient evidence to support a hypothesis of host race formation of flies 

associated with S. rugosa because the majority of rugosa flies shared the same haplotype 

as altissima flies in sympatry. That our pairwise ΦPT results indicate rugosa flies are more 

diverged from altissima (or gigantea) flies than altissima and gigantea flies are from each 

other seems inconsistent with our conclusion that rugosa flies are not an independent host 

race. However, as we discuss below, the ΦPT results do not consider local haplotype 

distributions, which are essential for elucidating patterns of host-associated divergence in 

the Eurosta-Solidago system, therefore we do not put much weight on these results.  

 

There are two possible mechanisms for use of S. rugosa by altissima flies. First, that galls 

on S. rugosa represent host-choice/oviposition errors by altissima flies, hypothesized to 

be the first step in host range expansion and subsequent HAD (Heard 2012). Second, that 

altissima flies using both S. altissima and S. rugosa are a narrowly oligophagous host 

race (distinct from the S. gigantea-associated host race). Distinguishing between these 

mechanisms would require either (or ideally both) quantitative data on relative attack 

rates or behavioural assays. While we did not undertake these approaches in this study, 

for a few reasons we speculate that use of S. rugosa does not constitute host-choice errors 

by altissima flies. First, use of S. rugosa by E. solidaginis has been reported by multiple 

authors in the last century (i.e. Felt 1917, 1940; Uhler 1951; Miller 1959; Wasbauer 

1972; Batra and Lichtwardt 1963; Novak and Foote 1980; Waring et al. 1990; 

Abrahamson and Weis 1997), and qualitative observations suggest that the frequency of 

use of S. rugosa has increased in recent years (W. G. Abrahamson, pers. comm.). While 

there are no known limits on the duration of host-choice errors prior to regular acceptance 
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of a new host species into a host range, the frequency of observations of attack on S. 

rugosa seems to contradict an errors scenario. Second, under a host-choice errors 

scenario, we would expect use of S. rugosa to occur (relatively rarely) on S. rugosa plants 

in sympatry with E. solidaginis using S. altissima. Yet, in four populations we observed 

galling on S. rugosa in the absence of galling on sympatric S. altissima, and three of these 

were in the absence of galling on S. gigantea. We further observed galling on S. rugosa 

when S. altissima was not present at a site. These results demonstrate that E. solidaginis 

is able to use S. rugosa as the only host species in both the presence and absence of other 

known host species. Finally, we recovered multiple unique haplotypes of E. solidaginis 

on S. rugosa, and none of these were shared with altissima (or gigantea) flies. These 

unique haplotypes, not recovered from altissima flies, are in strong contrast to a host-

choice errors scenario. We therefore suspect that flies using S. rugosa could be in the 

early stages of host-associated divergence. 

 

We observed surprisingly low levels of nucleotide diversity among all individuals of E. 

solidaginis at the mtDNA region sequenced. The majority of flies sampled shared the 

same mtDNA haplotype, NEagr, regardless of host species. Less than ten percent of the 

genetic variation observed could be attributed to host species by the AMOVA (of all host 

species, Table 3.3), with the majority of variation being attributed to within site variation. 

Our Mantel test did not indicate isolation by distance is driving nucleotide diversity. If 

we were to draw inferences based solely on these data, we would likely conclude that E. 

solidaginis in New England are one oligophagous species using three host species (S. 

altissima, S. gigantea, and S. rugosa). Our pairwise ΦPT results indicated that there is 
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genetic differentiation among host-associated fly populations. The pairwise ΦPT results 

comparing gigantea to altissima flies was very low (0.002), while comparisons between 

rugosa flies and either altissima or rugosa flies were much higher (0.08). These results 

would imply that rugosa flies are more distinct from either gigantea or altissima flies than 

altissima and gigantea flies are from each other. Yet, these results do not consider the 

distributions of haplotypes spatially, and specifically do not consider the composition of 

haplotypes at the local scale. 

 

However, when plotting haplotype frequencies by species at the local (site) scale (Figure 

3.2) it is clear that flies that use S. gigantea are genetically distinct from either altissima 

or rugosa flies. At the eastern extent of the gigantea fly distribution in western Maine, 

gigantea flies are of a haplotype (MEg) not found among any rugosa or altissima flies in 

sympatry or otherwise. Yet another haplotype is recovered among gigantea flies in New 

Hampshire (NHg), again not shared among any altissima or rugosa flies. Where gigantea 

flies are of the dominant (NEagr) haplotype is in the more westerly portion of our survey 

area (Vermont and New York state), and here another gigantea haplotype (VTg) is also 

present, and altissima flies become of the NYa/W haplotype. These results suggest that 

strong selective pressures leading to local adaptation may be driving genetic divergence 

among populations of E. solidaginis that use S. gigantea in New England. Itami et al. 

(1998) also found significant differentiation both among and within host-associated 

populations in Minnesota, and suggested that selection was acting on loci of gigantea 

flies differently at different locations. Our results highlight the importance of sampling 

sympatric populations, where possible, and of investigating divergence at the local (site) 
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scale and not just regional scales, in order to detect patterns of local adaptation in 

suspected cases of cryptic (host-associated) diversity. 

 

Both Waring et al. (1990) and Brown et al. (1996) investigated genetic diversity of the 

altissima and gigantea host races of E. solidaginis in a geographic region overlapping 

with ours, but only Waring et al. (1990) was able to discern gigantea flies from altissima 

flies. Brown et al. (1996) used a mtDNA region overlapping with ours (but a quarter the 

length) and sampled from Minnesota to Vermont, finding altissima and gigantea flies 

were of different haplotypes only west of Michigan. Interested as to why Brown et al. 

(1996) could not discern gigantea flies from altissima flies east of Michigan, we aligned 

their E haplotype to our sequences. Our alternate gigantea haplotypes MEg and VTg 

differed from our NEagr haplotype at positions that were not sequenced by Brown et al. 

(1996). Only our NHg (New Hampshire) haplotype had its one base pair difference in the 

region that overlapped with the E haplotype from Brown et al., but Brown et al. did not 

sample in New Hampshire. It is therefore plausible that the genetic diversity we observed 

among gigantea flies in our study area was present when Brown et al. did their sampling, 

but they were unable to detect such diversity due to a combination of their shorter marker 

and different sampling area. Waring et al. (1990) conducted the majority of their 

sampling in Vermont and New Hampshire, and also sampled an area of Maine south of 

our sample area. They were able to reliably distinguish gigantea from altissima flies at 

two of the twenty-one allozymes scored (six of which were variable). Selection 

promoting (or restricting) host-associated divergence likely acts on traits involved in host 

finding (ecological acceptance, i.e. visual and olfactory cues) and host acceptance 
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(behavioural acceptance, i.e. short-range olfactory and chemo-sensory cues), which likely 

vary with ecological conditions such as climate, host availability, host quality, predation 

and competition, and the genes that underlie such traits may be under stronger host-

associated adaptive selection than other genes. The results of Waring et al. (1990) suggest 

that certain loci may be under stronger host-associated adaptive selection than others in 

E. solidaginis (i.e. genomic islands of divergence), rather than subject to genome-wide 

genetic divergence, in line with contemporary genomic studies in other herbivorous 

insects undergoing adaptive divergence (Nosil et al. 2008; Feder and Nosil 2010; Martin 

et al. 2013; Butlin et al. 2014). 

 

Data available in the 1990s led to the hypothesis, now widespread in the literature, that 

altissima flies are ancestral to gigantea flies (Waring et al. 1990; Brown et al. 1996 and 

Itami et al. 1998). We observed the highest genetic (nucleotide) diversity among gigantea 

flies, as did Smith et al. (2002). Whether there has been an increase in genetic diversity of 

gigantea flies in the last two to three decades or whether the loci targeted in previous 

studies did not capture divergence of gigantea flies is hard to determine, and one could 

further argue that our study and Smith et al.’s may have failed to capture diversity among 

altissima flies because of the loci we targeted. Regardless, that S. altissima is the 

ancestral host for gigantea flies is likely an oversimplification of patterns of divergence in 

E. solidaginis, which may be repeatedly evolving (and possibly losing) genetic diversity, 

both within and between host-associated forms. Different patterns of host-adaptation are 

likely present in different parts of the distribution of E. solidaginis, as would be 
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suggested by the theory of a geographic mosaic of adaptive (co-)evolution (Thompson 

2005). 

 

There are limitations associated with sequencing (only) a mitochondrial gene region. For 

instance, in insects mtDNA is maternally inherited, thus the prevalence of mtDNA 

haplotypes can be influenced by any factor that affects maternal fitness of the haplotype 

lineage, such as divergent forces of sexual selection (Panhuis 2001). Further, mtDNA 

haplotypes can become fixed in populations due to selective sweeps by maternally 

inherited symbiotic bacteria (Smith et al. 2012). As such, we sequenced a sub-sample of 

our E. solidaginis from S. rugosa, S. altissima and S. gigantea using the nuclear internal 

transcribed spacer II (ITS2) gene region of the small rRNA subunit. Although there were 

up to a few transitions or transversions in some sequences, there were no discernable 

host-associated or geographic patterns to these data (data not shown).  

 

Eurosta solidaginis is a specialist herbivore that has evolved host-associated races at least 

twice, on S. altissima and S. gigantea (Abrahamson et al. 1989; Waring et al. 1990) and 

on the forest and prairie sub-species of S. altissima (Craig and Itami 2011; Craig et al. 

2011). Our mitochondrial sequence data indicated the majority of flies associated with S. 

rugosa are not locally divergent from flies associated with S. altissima, but all alternate 

haplotypes found on S. rugosa were unique to S. rugosa. Further, we found host use of S. 

rugosa occurs without use of sympatric S. altissima plants in some populations. We 

therefore suspect E. solidaginis associated with S. rugosa in New England may be in the 

early stages of host-associated divergence. There is strong evidence, both for the 
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altissima and gigantea host races, and among the forest and prairie altissima host races, 

that host-associated divergent selection acts on emergence time, oviposition preferences, 

assortative mating, and hybrid inferiority (Craig et al. 1993; Abrahamson and Weis 1997; 

Craig et al. 1997). Yet, a major gap in the literature on E. solidaginis is that this body of 

behavioural and ecological evidence to support host race formation has been done largely 

in two locations, Minnesota and Pennsylvania, and has been extrapolated to the entire 

species. Clearly ecological (i.e. phenology) and behavioural (i.e. host preference and 

mating) studies are required to determine if flies associated with S. rugosa are indeed 

divergent from those which use S. altissima. 

 

For more than two decades, those studying E. solidaginis have hypothesized that 

speciation within the genus Eurosta has proceeded as a result of host-plant shifts (Brown 

and Abrahamson unpub. data; Abrahamson and Weis 1997). Testing this hypothesis for 

E. solidaginis and other specialist herbivores, particularly those that may only be partially 

reproductively isolated, will likely require the integration of fine-scale ecological and 

behavioural data with contemporary genomic approaches. Only such an integrated 

approach is likely to resolve and help us better understand the historical and 

contemporary environmental and biological processes driving host-adaptation across the 

landscape. 
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Table 3.1: Previous studies investigating genetic divergence between E. solidaginis 

associated with S. altissima and S. gigantea. 

Study Geographic region Marker(s) FST 
Nucleotide 
divergence Nei’s D 

Higher 
diversity 

Waring et 
al. 1990 

Mid-west to New 
England (Maine 
to Minnesota) 

allozymes 0.438 (μ) 
0.111 (x)͂ 

 ~0.033* altissima 

       
Brown et 
al. 1996 

Mid-west to New 
England (Vermont 

to Minnesota) 

mtDNA 
 

 0.8-1.3%  altissima 

       
Itami et 
al. 1998 

Mid-west 
(Minnesota) 

allozymes 0.055 (μ)  ~0.033* altissima 

       
Smith et 
al. 2002 

Mid-west  
(North Dakota, 

Alabama, Kansas) 

mtDNA 
 
 

 
 

0.75-1.4%  gigantea 

μ = mean, x ͂= median *measures of Nei’s D are between host races and approximate values interpolated 
from figures, Brown et al. (1996) also included one population from Florida.  

 

Table 3.2: Nucleotide diversity and haplotypes of E. solidaginis collected from three host 

species across the sample area. Haplotypes are named by location followed by host 

species (NE=New England, NB=New Brunswick, ME=Maine, NH=New Hampshire, 

VT=Vermont, NY= New York; a=altissima, g=gigantea, r=rugosa). The haplotype NEagr 

was found in all regions and on all hosts. Alternate haplotypes are unique to a host 

species except one altissima fly had a gigantea haplotype and vice versa. 

host species sites samples 
nucleotide 
diversity (%) haplotypes (individuals) 

S. altissima 21 57 0.344  NEagr (44), NYa/W (10), MEa (1), NBa (1), NHg (1) 

S. gigantea 11 51 0.248  NEagr (22), NHg (16), MEg (7), VTg (5), NYa/W (1) 

S. rugosa 19 69 0.028  NEagr (62), VTr (3), MEr (1), NHr (1), NYr(1), W (1) 
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Table 3.3: Hierarchical AMOVA of mtDNA sequences of E. solidaginis collected from 

three host species (S. altissima, S. rugosa and S. gigantea) and grouped into eighteen sites 

(sites within 10km radius inclusive pooled), nperm = 1000 

Source of 
variation df SS MSD 

Variance 
components 

Estimated 
variance ΦPT P 

Among hosts 2 99.158 49.579 0.5111 8.22 % -0.0104 0.078* 
Among sites 
within hosts 

14 510.933 36.495 3.2759 52.69 %  <0.001* 

Within sites 160 388.914 2.431 2.4307 39.06 %   

Total 176 999.006 5.676     
Notes: Φ PT is the estimated among species variance divided by the estimated total variance (sum of 

estimated among and within species variance) as calculated in PEGAS (Paradis 2010). The observed Φ PT is 

more extreme than all 999 permutations. SS, sums of squares. 

Table 3.3A: Hierarchical AMOVA of mtDNA sequences of E. solidaginis collected from 

S. altissima and S. rugosa (sites within 10km radius inclusive pooled), nperm = 1000 

Source of 
variation df SS MSD 

Variance 
components 

Estimated 
variance ΦPT P 

Among hosts 1 5.37 5.37 -0.438 6.4% 0.075 0.980* 
Among sites 
within hosts 

13 218.0 16.76 1.367 20.2%  0.020* 

Within sites 111 551.2 4.97 4.966 73.3%   

Total 125 774.6 6.197     

 

Table 3.3B: Hierarchical AMOVA of mtDNA sequences of E. solidaginis collected from 

S. altissima and S. gigantea (sites within 10km radius inclusive pooled), nperm = 1000 

Source of 
variation df SS MSD 

Variance 
components 

Estimated 
variance ΦPT P 

Among hosts 1 11.20 11.20 -0.021 0.2% 0.002 0.370* 
Among sites 
within hosts 

12 153.6 12.80 0.575 6.2%  0.133* 

Within sites 90 775.9 8.62 8.621 93.5%   

Total 103 940.8 9.13     

 

Table 3.3C: Hierarchical AMOVA of mtDNA sequences of E. solidaginis collected from 

S. rugosa and S. gigantea (sites within 10km radius inclusive pooled), nperm = 1000 

Source of 
variation df SS MSD 

Variance 
components 

Estimated 
variance ΦPT P 

Among hosts 1 5.91 5.91 0.429 18.0% 0.078 0.006* 
Among sites 
within hosts 

14 72.9 5.21 0.488 20.4%  0.015* 

Within sites 104 153.1 1.47 1.472 61.6%   

Total 119 232.0 1.94     
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Table 3.4: Pairwise FST of mtDNA sequences of E. solidaginis 

collected from three host species 

 S. altissima S. gigantea S. rugosa 

S. altissima 0.0000   

S. gigantea 0.0874* 0.0000  

S. rugosa 0.1665** 0.1707** 0.0000 

*p < 0.01, **p < 0.0001 

 

Table 3.4A: Pairwise ΦPT (a FST analogue) of mtDNA sequences 

of E. solidaginis collected from three host species 

 S. altissima S. gigantea S. rugosa 

S. altissima 0.000   

S. gigantea 0.002* 0.000  

S. rugosa 0.075** 0.078** 0.000 

*p < 0.01, **p < 0.0001 
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Figure 3.1: Haplotypes obtained from E. solidaginis flies associated with S. altissima 

(pink), S. rugosa (purple), and S. gigantea (yellow) across the study area. Each pattern 

shown in the legend corresponds to a different haplotype, the size of each haplotype 

(circle) indicates the number of individuals sequenced of that haplotype. Shared 

haplotypes across host species are indicated in bold and share the same pattern (i.e. solids 

for the haplotype NEagr). 
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Figure 3.2: The distribution of haplotypes of E. solidaginis flies associated with S. 

altissima (pink), S. rugosa (purple), and S. gigantea (yellow) across the study area. Each 

pattern shown in the legend corresponds to a different haplotype. Shared haplotypes 

across host species are indicated in bold and share the same pattern (i.e. solids for the 

haplotype NEagr). 
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Appendix 3.1: Site locations sampled (from north-east to south-west), Solidago species 

present and number of galls of E. solidaginis located, and haplotypes obtained from 

successful amplifications of un-parasitized larvae of E. solidaginis. * denotes a ‘site’ 

where multiple sites within 10km inclusive were pooled due to low sample size of 

sequenced individuals obtained (see Appendix 3.1A for specific locations of these ‘sub-

sites’) 

Sites  Location Latitude Longitude Year Solidago sp.  galls Haplotypes (n)  

HA Hanwell, NB 45.5498 -66.9135 2015 altissima 
gigantea 
rugosa 

56 
0 
48 

NEagr (2), NBa (1) 
  - 
NEagr (3) 

        
SS* St Stephen, 

NB 
45.16954 -67.30666 2014 altissima 

gigantea 
rugosa 

34 
0 
37 

NEagr (6) 
  -  
NEagr (4) 

        
ME01 Baileyville, 

ME 
45.12107 -67.35519 2013 altissima 

rugosa 
0 
22 

  - 
  - 

        
ME24 Crawford, ME 45.02271 -67.56004 2013 rugosa 5   - 
        
ME05a Bangor, ME 44.79495 -68.83541 2013 altissima 

gigantea 
rugosa 

10 
0 
0 

  - 
  - 
  - 

        
ME05b Bangor, ME 44.79582 -68.83853 2013 altissima 

rugosa 
0 
3 

  - 
  - 

        
MEBa* Bangor, ME 44.79079 -68.8115 2015 altissima 

gigantea 
rugosa 

89 
 0 
63 

NEagr (4), MEa (1) 
  - 
NEagr (10) 

        
ME06 Carmel, ME 44.80678 -69.07535 2013 altissima 

rugosa 
1 
4 

  - 
  - 

        
ME78* Palmyra, ME 44.84482 -69.3436 2015 altissima 

rugosa 
6 
17 

NEagr (2) 
NEagr (5), MEr(1) 

        
ME19 Carmel, ME 44.80244 -69.0345 2015 altissima 

rugosa 
20 
13 

NEagr (1) 
NEagr (4) 

        
ME2021
* 

Mercer, ME 44.6658 -69.9541 2015 altissima 
gigantea 
rugosa 

35 
45 
6 

NEagr (3) 
MEg (5) 
NEagr (4) 

        ME09 Farmington, 
ME 

44.58812 -70.28225 2013 altissima 
rugosa 

0 
8 

  - 
NEagr(1) 

        
ME10 Bethel, ME 44.45148 -70.8065 2013 altissima 

gigantea 
rugosa 

0 
8 
5 

 - 
MEg (2) 
 - 
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Appendix 3.2 cont.       

MM Moose 
Mountain, 
Etna, NH 

43.72 -72.17 2009 altissima 
gigantea 
rugosa 

>5 
>5 
11 

NEagr (4) 
NHg (3) 
NEagr (5) 

       

 

 
GP Goose Pond, 

Canaan, NH 
43.77 -72.18 2009 altissima 

gigantea 
rugosa 

>5 
>5 
14 

NEagr (1), NHg (1) 
NHg (3) 
NEagr (10) 

        
SV Sachem 

Village, 
Lebanon, NH 

43.67 -72.28 2009 altissima 
gigantea 
rugosa 

>15 
>15 
18 

NEagr (10) 
NHg (10) 
NEagr (6), NHr1 
(3), NHr2 (1) 

        
GM Green Mtn, 

Huntington, 
VT 

44.33 -72.98 2009 altissima 
gigantea 
rugosa 

>5 
>5 
21 

NEagr (4) 
NEagr (3), VTg (1) 
NEagr (5) 

        
QC St Armand, 

QC 
45.03334 -73.0483 2015 altissima >25 NYa (3) 

        
SM South Milton, 

VT 
44.58 -73.15 2009 altissima 

gigantea 
rugosa 

9 
10 
5 

NEagr (7) 
NEagr (6), VTg (4) 
NEagr (1), VTr (1) 

        
US11 US Rte 11,  

Moores 
Forks, NY 

44.92 -73.67 2009 gigantea 
rugosa 

7 
23 

NEagr (6) 
NEagr (3) 

        
NY13 Chateaugay, 

NY 
44.92814 -74.0575 2013 gigantea 

rugosa 
10 
10 

NEagr (2) 
 - 

        
UL01 Potsdam, NY 44.62 -75.25 2009 altissima 

gigantea 
rugosa 

10 
9 
2 

NEagr (1), NYa (7) 
NEagr (5), NYa (1) 
NYr (1) 
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Appendix 3.1A: Complete collection site details for sub-sites pooled in Appendix 3.1 

Sites 
Sub-sites 

Location Latitude Longitude Year Host galls Haplotypes (n) 

SS        
 SS01 St Stephen, 

NB 
45.16954 -67.30666 2014 altissima 4 NEagr (1) 

     rugosa 12 NEagr (1) 
 SS02  45.14078 -67.32394 2014 altissima 

rugosa 
9 
5 

NEagr (2) 
 - 

 SS03  45.17721 -67.21211 2014 altissima 2 NEagr (1) 
     rugosa 18 NEagr (3) 
 SS04  45.20917 -67.24473 2014 altissima 19 NEagr (2) 
      rugosa 2  - 

         
MEBa        
 ME16 Orrington,ME 44.73496 -68.7778 2015 altissima 8 NEagr (1) 
     rugosa 22 NEagr (3) 
 ME15 S Bangor, ME 44.7542 -68.7988 2015 altissima 49 NEagr (1) 
      rugosa 18 NEagr (3) 
 ME18 N Bangor, ME 44.79079 -68.8115 2015 altissima 20 NEagr (1), MEa (1) 
      rugosa 16 NEagr (1) 
 ME17 S Orrington, 

ME 
44.69117 -68.8183 2015 altissima 7 NEagr (1) 

 ME05 NW Bangor, 
ME 

44.79582 -68.8385 2015 altissima 
rugosa 

5 
7 

 - 
NEagr (3) 

         
ME78        
 ME07 East 

Newport, ME 
44.82469 -69.2353 2013 altissima 

rugosa 
1 
6 

 - 
NEagr (1), MEr(1) 

 ME08 Palmyra, ME 44.84482 -69.3436 2015 altissima 5 NEagr (1) 
      rugosa 11 NEagr (4) 
         
ME2021        
 ME20 Smithfield, 

ME 
44.65618 -69.8623 2015 altissima 17 NEagr (1) 

     gigantea 
rugosa 

>30 
0 

MEg (3) 
 - 

 ME21 Mercer, ME 44.6658 -69.9541 2015 altissima 18 NEagr (2) 
      gigantea 

rugosa 
13 
0 

MEg (2) 
 - 
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Abstract 

The ball gall fly Eurosta solidaginis Fitch is hypothesized to be actively radiating 

through host-plant shifts. In Minnesota, E. solidaginis has evolved host races on Solidago 

altissima and S. gigantea and shows selective use of individuals of S. altissima with the 

longest stem pubescence, which are statistically dissimilar from the glabrous S. gigantea. 

We hypothesized this pattern of host-use may enforce reproductive isolation, and play a 

role in driving divergence between S. altissima and S. gigantea flies.  

 

In New England, E. solidaginis additionally uses S. rugosa; our previous work suggests 

galls on S. rugosa are made by the S. altissima host race of E. solidaginis. Here, we test 

the hypothesis that selecting S. altissima with longer stem pubescence may have enabled 

E. solidaginis to exploit the highly pubescent S. rugosa where it occurs in sympatry with 

S. altissima in New England. We quantify phenotypic trait variation among ramets of S. 

altissima and S. rugosa, attacked and unattacked by E. solidaginis, and test for 

statistically selective patterns of host-use using tests based on the hypothesized patterns 

of use of phenotypic host ‘trait-space use’ described in the Gape-and-Pinch model of 

host-associated differentiation (Heard 2012).  

 

We find some, but not unequivocal, support for our hypothesis: E. solidaginis does show 

statistically selective use of available S. altissima phenotypes, a pattern driven in part by 

attacked S. altissima having longer stem pubescence. However, plant vigour traits are 

also associated with attack by E. solidaginis. Stem pubescence length is significantly 

associated with attack of S. altissima by E. solidaginis in Minnesota and our eastern 
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sampling sites in New England, and in both regions, we suggest it may play a role in 

either diverging or bridging the use of an alternative host. We put forth the idea that a 

‘key (host) trait’ may play a role in not only single, but multiple episodes of HAD. 

Identifying such key traits could provide new insights into the mechanisms of HAD and 

ecological speciation.  

 

Literature Cited:  

Heard, S. B. 2012. Use of host-plant trait space by phytophagous insects during host-

associated differentiation: The gape-and-pinch model. Int. J. Ecol. 192345:1–15.  
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Introduction 

Herbivorous insects, particularly those that specialize on one or a few host species, are 

thought to diversify through a process known as host-associated differentiation (HAD, 

Stireman et al. 2005). In order for HAD to proceed, individuals of a population of 

(conspecific) insects must first accept a novel host species into their diet, known as a 

host-range expansion (Janz et al. 2006). If insects using the ancestral host and the novel 

host are subject to divergent selective pressures, then a host shift may occur – whereby 

the population exploiting the novel host ceases use of the ancestral host, resulting in the 

formation of two new specialist host-associated populations, and eventually species. 

There is substantial evidence that both host range expansions and host shifts (together 

required for HAD) occur across sets of host species that are phenotypically similar – that 

is similar in morphological, phenological, and/or chemical traits (Nyman 2010).  

 

The idea that HAD progresses between host species that share phenotypic similarities 

underlies a series of hypotheses (the Hybrid Bridge Hypothesis, the Genotypic Bridge 

Hypothesis, the Gape-and-Pinch Model, and the Plastic Bridge Hypothesis), all of which 

propose that variation in the two populations of alternative host species results in a 

gradient of variation, providing a ‘bridge’ to use of a novel host (Floate and Whitham 

1993; Craig et al. 2011; Heard 2012; Mason 2016). However, there is little empirical data 

available to test these hypotheses, and the mechanisms that drive host-associated 

differentiation remain largely unknown (Farrell et al. 1991; Rundle and Nosil 2005; Janz 

et al. 2006). 
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The Gape-and-Pinch (GAP) Model of host-associated differentiation (Heard 2012) posits 

that insects undergoing HAD will use available host phenotypes in a predictable manner 

as they progress through HAD. Heard (2012) outlines a conceptual and statistical model 

to test if a given insect undergoing HAD uses host plant ‘trait space’ – the distribution of 

individual phenotypes in multivariate space based on trait values - in a way that would 

facilitate HAD. In brief, if a specialist insect uses individuals of its (ancestral) host 

species that are phenotypically similar in trait-space to the available individuals of a 

novel host species, this may provide a path to host range expansion (the adjacent errors 

hypothesis). Once that insect accepts both host species into its diet, it will continue to use 

individuals of both host species which are phenotypically ‘adjacent’ in trait-space (the 

adjacent oligophagy hypothesis). The GAP model predicts distant use of host-trait-space 

will occur in response to divergent host-associated selective pressures, resulting in 

reproductive isolation among individuals exploiting the two hosts which promotes HAD 

(the distance-divergence hypothesis).  

 

The ball gall fly Eurosta solidaginis Fitch (Diptera: Tephritidae) is hypothesized to be 

actively radiating through host-plant shifts (Abrahamson and Weis 1997). Eurosta 

solidaginis is well known for evolving host-associated races on Solidago altissima L. and 

S. gigantea Ait. (Abrahamson et al. 1989; Waring et al. 1990), both part of Solidago 

subsect. Triplinerviae (Torr. & A. Gray) G.L. Nesom (Semple 2016). More recently, 

another pair of host races has been identified from the forest and prairie subspecies of S. 

altissima: S. altissima altissima and S. altissima gilvocanescens (Craig and Itami 2011; 

Craig et al. 2011). Eurosta’s use of yet another species of Solidago, S. rugosa Miller, has 
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been confirmed in New England and adjacent regions of Canada (Waring et al. 1990; 

Abrahamson and Weis 1997; Chapter 3). While use of S. rugosa by E. solidaginis has 

been recorded for a century (Felt 1917), the frequency of use of S. rugosa in New 

England has appeared to increase in the last two decades (W.G. Abrahamson, pers. 

comm.). In Chapter 3, we asked if there is genetic evidence to indicate that E. solidaginis 

using S. rugosa are a distinct host-associated race from flies that use S. altissima or S. 

gigantea. Our results were most consistent with a scenario whereby flies associated with 

S. altissima are narrowly oligophagous and also able to use S. rugosa; flies associated 

with S. gigantea are genetically distinct locally. 

 

We previously investigated patterns of host trait-space use for the divergent host-

associated races of E. solidaginis associated with S. altissima and S. gigantea in 

Minnesota, USA (hereafter “altissima flies” and “gigantea flies”, Chapter 2). We found 

that altissima flies in Minnesota show a selective pattern of host trait-space, and use 

phenotypes of their ancestral host S. altissima that are statistically dissimilar to the 

available trait-space of S. gigantea phenotypes. Specifically, altissima flies are found on 

individuals of S. altissima that have significantly more pubescent (hairier) stems than 

average S. altissima individuals; S. gigantea individuals lack or show very reduced 

pubescence as compared to S. altissima. We hypothesized that the selective use of 

phenotypes of S. altissima with longer stem pubescence may play a role in promoting 

divergent selection and facilitating reproductive isolation between altissima and gigantea 

flies (Chapter 2).  
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Here, we ask whether E. solidaginis’ selective use of host-trait space of S. altissima may 

have facilitated use of another novel host, S. rugosa in New England. Eurosta solidaginis 

exploiting S. rugosa in New England are not genetically distinct from sympatric flies that 

exploit S. altissima and may be one narrowly oligophagous species (Chapter 3). We thus 

hypothesize host use of S. altissima and S. rugosa by E. solidaginis may fit the 

predictions of the adjacent-oligophagy hypothesis of the GAP model of HAD (Heard 

2012). Under this scenario, we predict that use of S. altissima phenotypes in New 

England will be selective (demonstrated by the marginal trait-space test) and more 

similar to the available S. rugosa phenotypes than expected by chance. If use of S. 

altissima is indeed marginal, we predict this pattern would be driven (at least in part) by 

altissima flies being found on more pubescent phenotypes of S. altissima, as we observed 

in Minnesota (Chapter 2).  

 

We make two alternative predictions for host-use on S. rugosa, which differ based on the 

stage of HAD flies associated with S. rugosa may be in. If flies exploiting S. rugosa and 

S. altissima are truly oligophagous, then we predict patterns of trait-space use would be 

congruent with the adjacent oligophagy hypothesis, and the available S. rugosa 

phenotypes used by E. solidaginis would be statistically similar (marginal trait-space 

test) to the available S. altissima phenotypes and the two attacked trait-spaces would be 

closer together than expected by chance (distant trait-space test). However, the presence 

of rare unique haplotypes of flies associated with S. rugosa and use of S. rugosa in the 

absence of use on sympatric S. altissima, may indicate that some E. solidaginis 

associated with S. rugosa are in the earliest stages of host-associated divergence (Chapter 
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3). We suggest that it is possible that host-use on S. rugosa could therefore be in-between 

the stages predicted by the adjacent oligophagy and distance-divergence scenarios, thus 

that patterns of trait-space use on S. rugosa could be non-selective.  

 

In this study we investigate patterns of host trait-space use for E. solidaginis exploiting 

both S. altissima and S. rugosa in New England, in order to determine if selective use of 

trait-space on the ancestral S. altissima could have facilitated a host range expansion to 

the novel S. rugosa. We tested our hypotheses by collecting ramets of S. rugosa and S. 

altissima, both attacked and unattacked by E. solidaginis, from across New England. We 

quantify available and attacked host phenotypes by measuring a suite of traits, and plot 

these phenotypes in multi-dimensional trait space to generate distributions of available 

and attacked hosts. We test if E. solidaginis shows selective use of available phenotypes 

of S. altissima with traits more similar to those associated with S. rugosa. If we detect 

such a result, we ask if it is driven by E. solidaginis using ramets of S. altissima with 

longer stem pubescence, as is observed where altissima flies maintain reproductive 

isolation from gigantea flies.  

 

Methods 

a. Field sites 

To assess differences in traits between attacked and non-attacked individuals we 

collected ramets of S. rugosa and S. altissima, attacked and unattacked by Eurosta 

solidaginis, for trait assessment from a total of fourteen sites in Maine and New York 
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states in 2013 and five sites in New Brunswick (Canada) in 2014 (Figure 4.1). Sampling 

was focussed around attacked individuals: when we located a galled ramet of either host 

species, we then collected the two closest ungalled ramets of the same host species. This 

ensured that our samples of ungalled plants were representative of plants not chosen by 

the fly at the local scale. The alternative sampling regime (i.e. collecting plants at random 

across the entire site) might include areas of the site (i.e. open habitat) where flies are not 

common, thus over-estimating the phenotypic variation encountered by E. solidaginis 

and increasing our likelihood of committing a Type I error. Galled ramets of S. rugosa 

were located at all fourteen sites, but galled ramets of S. altissima at only eight of these 

sites, and S. altissima was entirely absent from four sites (ME02, ME03, ME04 and 

NY13). When we encountered only galled S. rugosa, we took the two closest S. altissima 

ramets in addition to the two closest S. rugosa ramets to ensure we were capturing the 

available phenotypic variation in S. altissima encountered by, or in close proximity to, E. 

solidaginis. Ramets were cut at the soil surface, galls excised from galled ramets, and all 

stems pressed for later measurement.  

 

b. Morphological traits 

Because ramets were collected at the end of the season, plant traits were assessed after 

insect attack. We did not attempt to quantify plant traits prior to oviposition by E. 

solidaginis because in our study area attack rates are typically very low, far less than 1% 

of available ramets, meaning that the probability of sampling a ramet early in the season 

that would later be attacked is extremely low. To control for the potential that attack by 

E. solidaginis will induce changes in the phenotype of its host, we only used 
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morphological traits for which we can demonstrate there is no significant impact of 

attack (Appendix 4.1). These traits are: stem pubescence length, stem pubescence 

density, leaf pubescence density, ramet height and stem width. We determined these 

traits are not significantly impacted by attack by comparing the mean differences 

between post- and pre-attack trait values between attacked and unattacked ramets of S. 

altissima using a two-sample t-test (Appendix 4.1).  

 

Ramet height and stem width were measured in the field. We assessed stem pubescence 

length, stem pubescence density and leaf pubescence density on pressed plants in the lab. 

We assessed pubescence traits directly below the gall on galled ramets and at 75% of 

ramet height on ungalled plants, in both cases just above the nearest leaf scar to 75% of 

ramet height. We chose the 75% mark on ungalled ramets because the average location 

of the gall on galled ramets was at approximately 75% of plant height (based on a 

haphazard sample of twenty galled and twenty ungalled ramets from sites in our 2013 

collection). Our objective was to take measurements from a comparable location on 

galled and ungalled ramets. Stem and leaf (abaxial) pubescence density were assessed by 

counting the number of trichomes in a 100 cell grid at 40x magnification in a 525-

micrometer diameter field of view magnification. Stem trichome length was calculated 

by averaging length measures taken on the five trichomes closest to the leaf scar; leaf 

trichomes were generally too short to measure and/or had rubbed off specimens.  

 

c. Statistical analyses 
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To test the hypothesis that marginal use of S. altissima may promote use of S. rugosa, we 

conduct three statistical tests (described below) based on the location and spread of 

attacked and available host individuals in multi-dimensional trait space. All variables 

assessed were continuous numeric variables and were scaled and centered to a mean of 

zero and standard deviation of one (also known as autoscaling) prior to analyses. We 

implemented our analyses in the R statistical platform, R version 3.3.0 Supposedly 

Educational (R Core Team 2016). We used principal components analysis (PCA) to 

describe the variation among all available host individuals. Specifically, we implemented 

R-mode PCA, that is spectral decomposition (eigendecomposition) of a Euclidian 

distance correlation (dissimilarity) matrix derived from the original variables, using the 

function princomp (R Core Team 2016). We calculated the dissimilarity among host 

individuals with a Euclidian dissimilarity matrix, obtained scores for the principal 

components and used these scores to plot host individuals (attacked or un-attacked) in 

multi-dimensional phenotypic trait space. An exploratory analysis of data presented in 

this chapter and previous trait-space work on the Solidago-Eurosta system (Chapter 2) 

showed that results stabilized after including three or more axes (coordinates), so we 

used the first three axes for all analyses.  

 

For each species, we measured the available and attacked trait-spaces, summarizing them 

by their centroids (location) and spreads (size), as described in Chapter 2. We then 

conducted two statistical tests to calculate the differences between centroid and spread of 

the attacked and available host individuals in multi-dimensional trait space. First, we test 

whether the location of the attacked trait space (on each host species) differs significantly 
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from the location of the available trait space (the Marginal trait-space test, Heard 2012). 

This is accomplished by computing the centroids of both (i) the attacked only and (ii) the 

available (attacked plus un-attacked) trait spaces (for one host), and then calculating the 

distance between these attacked and available centroids. We then compare this distance 

measure to a null distribution of 1,000 distances calculated by randomly shuffling attack 

status across all plant individuals. Here, the proportion of distances calculated from the 

random shuffling of attack that is equal to or larger than the value obtained from our data 

is the (one-tailed) P-value. We conduct this first test twice, once for the ancestral host 

and once for the novel host. When we detect an attacked trait-space to be marginal, we 

compute the direction of that marginality. This allows us to determine if the attacked trait 

space is marginal in a direction towards or away from the available trait-space of the 

alternate host, or orthogonal to the axis (vector for >2D) separating the available trait-

spaces of both host species (Figure 4.2). Second, we ask whether the distance between 

the attacked trait spaces of the two host species is significantly smaller or larger than 

expected by chance (the Distant trait-space test, Heard 2012). This test uses the centroids 

of the attacked trait spaces calculated for the Marginal trait-space test above, and 

compares the distance between the two attacked trait space centroids to 1,000 such 

distances calculated between the corresponding centroids obtained from shuffling attack 

status (as above). Here, the test is two-tailed as distances between the attacked centroids 

that are closer together or further apart than expected by chance are both of interest.  
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We test our hypotheses separately for our 2013 New England (Maine and New York) and 

2014 New Brunswick collections, because our results are confounded in space and time – 

we did not repeat sampling at any sites between years.  

 

We implement these statistical tests in traitR, a statistical package which we have 

developed as a stand-alone R script or a web-based R Shiny App GUI (RStudio 2016). In 

the GUI version, upon importing data the user can select the ancestral host species, the 

attacking insect (or other parasite), and the traits of interest. Then the user selects the 

variable type for each trait (numeric, factor, or ordered factor). traitR will be available on 

GitHub prior to publication. To determine the traits which may underlie any detect 

significant results of our trait-space tests, we use two-sample t-tests to test the difference 

in means between attacked and unattacked plants across our study area. To test for 

differences in trait use between regions we used an analysis of variance testing the effect 

of attack, region and the interaction of attack and region for each trait. 

Results 

We found different patterns of host trait-space use between our two collections (New 

England 2013 and New Brunswick 2014, Figure 4.3). For our data collected across New 

England in 2013, we found host-trait space use by E. solidaginis is significantly marginal 

on the ancestral S. altissima (Figure 4.3A-C, marginal trait-space test, p = 0.022) but 

non-selective on the novel S. rugosa (marginal trait-space test p = 0.735, Table 4.1). 

Based on the traits we assessed, the direction of the trait-space of the attacked S. 

altissima is 87 degrees away from the vector connecting the available trait-spaces of both 
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hosts (Figure 4.2B), which is orthogonal (Figure 4.2A) to the direction of the S. rugosa 

trait-space (Table 4.1). The space between the two attacked trait-spaces is not 

significantly closer together or further apart than expected by chance (distant trait-space 

test, p = 0.214, Table 4.1). For our New Brunswick 2014 data, we detect no significant 

patterns of host-trait space use (Figure 4.3D-F, Table 4.1).  

 

Several individual traits differed between galled and ungalled ramets of S. altissima from 

our 2013 collections, but only at alpha = 0.10, including stem pubescence length, leaf 

pubescence density, ramet height and stem width (Table 4.2). All four traits had higher 

values on galled S. altissima ramets (i.e. attacked plants were larger and hairier than the 

mean of all plants). For leaf pubescence density, ramet height and stem width, the 

attacked ramets of S. altissima are dissimilar to (or away from) the available S. rugosa 

ramets in trait-space, as the S. rugosa had lower mean values for these three traits. 

However, for stem pubescence length, the attacked S. altissima ramets, which had higher 

stem pubescence values than unattacked ramets, are similar to (or towards) the available 

S. rugosa ramets in trait-space, because the S. rugosa had higher mean values for stem 

pubescence length than did S. altissima. In our 2014 collections, only stem width differed 

between galled and ungalled ramets of S. rugosa; no traits differed between galled and 

ungalled ramets of S. altissima (Table 4.2).  

 

Stem pubescence length (Figure 4.4A) was the only trait that showed a consistent effect 

of attack across all three regions (Table 4.4). Stem pubescence length is significantly 

higher on average (Table 4.5) for attacked ramets of S. altissima across the sample range 
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(2013 and 2014), although the difference is most pronounced in New York.  However, 

there was no interaction between attack and region (Table 4.5), suggesting the effect 

difference in New York was not statistically different from the other regions (although 

we suspect this may be due to small sample size in New York). The remaining traits vary 

in the direction of their association with attacked S. altissima across regions (Table 4.4, 

Figure 4.4B-E) and were not significant across the sampling range (Table 4.5).  

 

Correlations among traits varied on a regional basis, with the exception of ramet height 

and stem width which were consistently strongly and significantly correlated (Appendix 

4.2). The relative loadings of each trait onto the three PC axes vary across regions 

(Appendix 4.3), indicating the strength of variation for each trait relative to overall 

phenotypic variation is not consistent across the study area.  

Discussion 

Populations of E. solidaginis are clearly exposed to phenotypes of S. altissima that vary 

in a number of traits across their distribution. In our study, we cannot distinguish cleanly 

between spatial or temporal patterns of variation (because we did not repeat our sampling 

at any sites between collection years). In either event, E. solidaginis’ process of host-

associated differentiation (HAD) has likely occurred amongst a mosaic of shifting trait 

variation. 

 

Based on our previous findings that E. solidaginis uses phenotypes of S. altissima with 

longer stem pubescence in Minnesota (which may play a role in the divergence of the 
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altissima and gigantea host races), we hypothesized that this pattern of host-use may 

facilitate use of the pubescent S. rugosa. We find some evidence to support this 

hypothesis, but the strength of the pattern varies substantially across our study area. We 

detected significantly marginal use of S. altissima trait-space by E. solidaginis in the 

2013 New England data, but the direction is orthogonal to, not towards, the available 

trait-space of S. rugosa, meaning that based on the traits we assessed, the phenotypes 

attacked were in general neither statistically similar or dissimilar to the available 

phenotypes of S. rugosa. This result is likely driven by the combined effect of the four 

traits which appear to differ (at alpha = 0.10) between attacked and unattacked ramets of 

S. altissima: stem pubescence length, ramet height, stem width and leaf pubescence 

density (Table 4.2). For all four traits, attacked ramets of S. altissima have higher values 

than unattacked ramets (as does stem pubescence density, although the difference is not 

significant at alpha = 0.10). However, available (and attacked) ramets of S. rugosa have 

lower trait values for ramet height, stem width, stem pubescence density and leaf 

pubescence density (Table 4.2), meaning the attacked S. altissima trait-space would be 

away from the available S. rugosa in an analysis focusing on these traits. Indeed, if we 

repeat our trait-space analyses for just these four traits, we do still see a significant 

marginal result on S. altissima, but the direction of the attacked S. altissima trait-space is 

169 degrees – which according to our direction metric (Figure 4.2A) is away from the 

available S. rugosa trait-space. On the other hand, available (and attacked) ramets of S. 

rugosa have higher values for stem pubescence length than do S. altissima ramets, and in 

an analysis focusing on just stem pubescence length the direction would be towards the 

available S. rugosa as predicted.  However, whether stem pubescence length is 
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mechanistically involved in HAD of E. solidaginis and thus merits such special 

consideration requires further exploration. 

 

Evidence for the importance of stem pubescence length (over the other traits) may come 

from its consistent relationship with E. solidaginis on S. altissima across our study area. 

Of the five traits we examined, stem pubescence length is the only one positively 

associated with attack in all three regions (Figure 4.4A, Table 4.4) and the only trait to 

show a significant difference in means between attacked and unattacked ramets (Table 

4.5). However, the magnitude of the difference clearly does differ on a regional basis, 

being substantially (but not significantly) larger in New York (29.67 % longer in attacked 

ramets) than it is in Maine (1.97 %) or New Brunswick (1.62 %). This result may be 

driven at least in part by the available variation in this trait, with New York having a 

broader range of stem pubescence values (0.81 - 3.0 mm) than either Maine or New 

Brunswick (0.5 - 2.33/2.25 mm, respectively). Yet despite the small amount of variation 

in Maine and New Brunswick, it appears E. solidaginis may still be discriminating 

amongst ramets of S. altissima with respect to stem pubescence length. If E. solidaginis 

can still discriminate among S. altissima ramets even where they vary rather little in stem 

pubescence length, we would not be likely to detect a statistical effect with field 

collections in such areas. To confirm such a scenario would likely require experimental 

bioassays. If the trend is real, it would suggest that stem pubescence length itself is either 

mechanistically involved in host acceptance by E. solidaginis or is correlated with one or 

more traits important to E. solidaginis.  
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Differential attack by E. solidaginis on S. altissima plants with different levels of stem 

pubescence appears to be general across its range. In Minnesota, where E. solidaginis is 

comprised of divergent host-associated races, we detected significant marginal use of the 

available S. altissima trait-space (Chapter 2). The only trait we detected as predictive of 

future attack was stem pubescence. Our pre-attack measure of pubescence was 

qualitative and encompassed both stem pubescence length and density. Post-attack, stem 

pubescence length showed a much greater difference between attacked and unattacked 

ramets (6.17 % difference, p = 0.05) than did stem pubescence density (2.27 %, p = 

0.73), and we therefore suspect that the pre-attack pattern was driven by stem pubescence 

length, and not density (Chapter 2). That stem pubescence (unlike other traits) shows 

similar associations with attack in two distant regions of E. solidaginis’ distribution 

strongly suggests its involvement (either direct or via correlated traits) with E. 

solidaginis host discrimination, and perhaps as a consequence, its host-associated 

differentiation.  

 

Involvement of stem pubescence in HAD is plausible because this trait is directly 

relevant to insect attack (Handley et al. 2005; Fordyce and Agrawal 2001) especially for 

species like E. solidaginis which oviposit into their host. Indeed, pubescence is widely 

considered a morphological defense against herbivory (Levin 1973), and high values are 

often associated with lower insect attack (Molina-Montenegro et al. 2006; Travers-

Martin and Müller 2008) but also can be associated with increased insect attack 

(Benedict et al. 1983).  In our case, both in New England and Minnesota, insects were 

associated with higher, not lower, pubescence values. Stem pubescence may play a 
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tactile role in facilitating mating or oviposition success, or could potentially be a 

deterrent to natural enemies, many of which are known to have difficulty manoeuvring 

on pubescent plants (Fordyce and Agrawal 2001; Gassmann and Hare 2005). Stem 

pubescence could also be correlated with other (chemical) traits important to E. 

solidaginis. In any event, pubescence is clearly an important trait for insect herbivory. 

Our two studies indicate E. solidaginis responds, based on pubescence values, to 

phenotypes of S. altissima in a manner consistent with predictions of the GAP model of 

HAD. 

 

We are less convinced that the plant vigour traits we assessed (ramet height and stem 

width) play a role in host-associated differentiation of E. solidaginis, despite there being 

ample evidence in the literature that such traits are associated with attack by many (Price 

1991; Cornelisson et al. 2008) but not all (Quiring et al. 2006) gall forming insects. 

Eurosta solidaginis has been associated with ramets of higher vigour in several studies 

(i.e. Horner and Abrahamson 1992; How et al. 1993; Horner and Abrahamson 1999; 

Craig et al. 1999). However, we do not see consistency in the relationship between attack 

and either of our plant vigour traits across regions, suggesting spatial and/or temporal 

variation in the association between attack by E. solidaginis and plant vigour. While 

evolution occurs at the population-level, the lack of a general trend across populations 

suggests these traits are unlikely to have driven divergence across the species' range. 

Furthermore, there is conflicting evidence for whether plant vigour is directly related to 

insect performance (i.e. growth and development - Price 1991; Teder and Tammaru 

2002; Price 2003; Cornelissen et al. 2008; Quiring et al. 2006), which we would expect if 
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the use of vigorous individuals conferred a fitness advantage to those exploiting it. 

Nevertheless, even if selection favours use of vigorous host individuals, how plant vigour 

traits could be mechanistically involved in promoting insect host shifts is difficult to 

envision. Both insect host range and HAD often (but not always) proceed among related 

hosts (Crespi and Sandoval 2000; Winkler and Mitter 2008), which share similarities in 

phylogenetically conserved traits such as chemistry and morphology (Nyman 2010).  

 

In the Solidago-herbivore system in eastern North America, we previously found 

evidence that E. solidaginis shows selective use of the available trait-space of S. 

altissima (Chapter 2). By utilizing the most pubescent phenotypes in a population, 

altissima flies exploit ramets of S. altissima statistically most dissimilar from S. gigantea, 

which may enforce reproductive isolation, and play a role in driving divergence from S. 

gigantea associated flies. Favouring S. altissima with long stem pubescence may in turn 

have enabled E. solidaginis to exploit another host species, the highly pubescent S. 

rugosa. Molecular genetic evidence suggests that the use of S. rugosa is more recent than 

either S. altissima or S. gigantea (Chapter 3), lending support to our hypothesis that, in 

this case, one host shift may beget another. Our work on E. solidaginis suggests the 

possibility that a key host trait may not only underlie one episode of HAD, but could spur 

repeated host shifts and speciation. Identifying such key traits, and their possible role in 

insect diversification, will likely require several lines of ecological, behavioural and 

genetic evidence, but may provide new insights into the mechanisms driving host-

associated differentiation of herbivorous insects.   
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Table 4.1: Results of trait-space analyses for 2013 and 2014 host phenotype use for 

Eurosta solidaginis on Solidago altissima and Solidago rugosa. Highlighted cells are 

those we predicted would be statistically significant. 

  
Ramets 

Attacked 
(Total) 

Trait-space tests  

Year  Host 
Marginal P 

 
Direction 

 
Distant P 

 

2013 S. altissima 25 (175) 0.022 

 

87° - Orthogonal 0.864 

 
 S. rugosa 80 (249) 0.735 

 

  

2014 S. altissima 35 (84) 0.723 NA 0.679 

 S. rugosa 37 (89) 0.435   

 

Table 4.2: Traits which differed (at alpha=0.10) between ramets of Solidago altissima 

attacked or unattacked by E. solidaginis in the 2013 New England collections. 

Trait Host t df P μu μa 

Stem pubescence length S. altissima 1.74 26.8 0.093 1.22 1.42 

S. rugosa -0.98 155 0.330 4.80 4.64 

Leaf pubescence density S. altissima 1.83 30.1 0.077 42.49 67.72 

S. rugosa 0.50 145 0.621 13.98 14.56 

Ramet height S. altissima 1.73 34.8 0.092 109.97 117.42 

 S. rugosa -0.50 167 0.617 94.07 92.56 

Stem width S. altissima 2.23 34.9 0.083 3.55 3.96 

 S. rugosa 0.15 145 0.884 2.96 2.98 

 

Table 4.3: Traits which differed (at alpha=0.10) between ramets of Solidago rugosa 

attacked or unattacked by E. solidaginis in the 2014 New Brunswick collections. 

Trait Host t df P μa μu 

Stem width S. altissima -0.569 70.7 0.571 3.93 4.08 

 S. rugosa -1.74 87.0 0.086 3.43 3.79 

 

Table 4.4: Direction of trait values in each of three regions. Positive (+) direction 

indicates a particular trait had higher average values on ramets of S. altissima attacked by 

E. solidaginis. 

Trait 
New 

Brunswick 
Maine New York 

Ramet height - + + 

Stem width - + + 

Stem pubescence density + + - 

Stem pubescence length + + + 

Leaf pubescence density - + + 
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Table 4.5: Difference in means determined by an analysis of variance (ANOVA) 

between ramets of S. altissima attacked and unattacked by E. solidaginis, across the 

study area for each trait assessed. Attack: Only stem pubescence length shows a 

significant relationship with attack by E. solidaginis (in bold). Region: Each trait differed 

significantly in value with region. Interaction: no traits showed a significant interaction 

between attack and region.  

 Source of variation SS df MS F-ratio P_ 

Stem pubescence length      

 Attack 21.3 1 21.300 5.600 0.018 

 Region 46.8 2  23.413 6.169 0.002 

 Attack*Region 17.8 2 8.918 2.350 0.096 

 Residuals 2243.1 591 3.795   

Stem pubescence density      

 Attack  6086 1  6086 1.181 0.278 

 Region  276645 2  138323  26.850 < 0.001 

 Attack*Region  3035 2  1517 0.295 0.745 

 Residuals 3044685 591  5152    

Ramet height      

 Attack 1839 1  1839 3.133 0.077 

 Region 6672 2  3336 5.683 0.004 

 Attack*Region 1357 2 678 1.156 0.316 

 Residuals 346911 591 587   

Stem width      

 Attack  0.0 1 0.002 0.002 0.964 

 Region 45.8 2  22.891  24.157 < 0.001 

 Attack*Region  5.3 2 2.642 2.788 0.062 

 Residuals  560.0 591 0.948   

Leaf pubescence density      

 Attack  368 1 368 0.308  0.579 

 Region  49331 2 24665  20.664 < 0.001 

 Attack*Region  305 2 152 0.128  0.880 

 Residuals 705439 591  1194   
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Figure 4.1: Study area for 2013 (Maine and New York, USA) and 2014 (New Brunswick, 

CAN) collections of Solidago altissima and S. rugosa galled and ungalled by the ball gall 

fly Eurosta solidaginis. Map made in SimpleMappr. 
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Figure 4.2: A. Direction of marginality. When a significant marginal test result is 

obtained, the direction of marginality can be calculated as the angle (n°) between (i) the 

vector (black line) which connects the centroids of the available ancestral (red) and the 

novel (blue) trait-spaces and (ii) the vector (red arrow) connecting the centroids of the 

available ancestral and attacked ancestral trait-spaces. Possible directions of marginal 

trait space: towards, orthogonal or away from the available trait-space of the alternate 

host. In the example, the attacked trait-space on the ancestral host is marginal away from 

the novel host. B. The significant marginal result on S. altissima in 2013 is marginal-

orthogonal to the available trait-space of S. rugosa. 
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Figure 4.3: Patterns of host trait-space use for Eurosta solidaginis using Solidago 

altissima (ancestral) and S. rugosa (novel). Each contour represents 1/3 of either the 

available (light colours) or attacked (dark colours) host individuals. Traits used are listed 

in methods, and statistical patterns summarized in Table R2. 
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Figure 4.4: Box plots of trait values for attacked and unattacked ramets of S. altissima for 

each site and regional means (horizontal lines) for the three regions sampled: New 

Brunswick, Maine and New York. 
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Figure 4.4 cont. 
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Figure 4.4 cont. 
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Appendix 4.1: Statistical tests for differences between Solidago altissima trait values pre- 

and post- attack by E. solidaginis in the 2013 Minnesota study (Chapter 2). Stem 

pubescence was assessed pre-attack as a qualitative rank value on a four-point scale. 

Post-attack, each of the three stem pubescence traits were measured/counted (see 

Methods) quantitatively.  Because the measured pre- and post-attack were not directly 

comparable (rank versus count data), to test if the difference between pre-attack and post-

attack values differed significantly for each of these traits, we ordered the values for each 

post-attack trait and assigned the first n values to the qualitative rank of 1, and the next n 

values to a rank of 2 and so on. We then subtracted the pre-attack rank pubescence values 

from these new post-attack ranks for each observation, to determine the difference for 

each trait, attacked and unattacked. We then conducted a two sample t-test for each trait 

on the rank (post minus pre attack) differences between attacked and unattacked values. 

For ramet height and stem width, we merely subtracted the pre-attack value from the 

post-attack value for each observation, and then conducted a two-sample t-test on the 

differences in value between attacked and unattacked individuals. 

Trait  μa μu % diff t  df P 

Stem pubescence 

Stem pubescence 

length 

pre-attack 3.15 2.82 11.77    

post-attack 2.95 2.84 3.87    

 difference -0.20 0.02  -1.321 24.6 0.209 

Stem pubescence 

density 

post-attack 2.90 2.86 1.40    

difference -0.25 0.04  -1.293 22.3 0.199 

Leaf pubescence 

density 

post-attack 2.93 2.84 3.17    

 difference -0.22 0.02  -1.317 21.5 0.202 

        

Ramet height pre-attack 32.5 30.4 6.74    

 post-attack 87.11 80.94 7.62    

 difference 54.66 48.20  1.53 20.7 0.142 

        

Stem width pre-attack 3.84 3.67 4.45    

 post-attack 4.63 4.55 1.85    

 difference 0.70 0.81  -0.561 20.9 0.581 
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Appendix 4.2: Correlation coefficients among traits in each region, bold values indicate 

significant correlations. The strength of correlations among traits differ on a regional 

basis, except for the correlation between ramet height and stem width which is 

significantly and strongly correlated in each region. 

  

Ramet 
height 

Stem 
width 

Stem 
pubescence 

density 

Stem 
pubescence 

length 

Leaf 
pubescence 

density 

New Brunswick 2014      
 Ramet height 1     

Stem width 0.7302 1    

 Stem pubescence density 0.3054 0.2875 1   

 Stem pubescence length -0.0647 0.0306 0.1277 1  

 Leaf pubescence density -0.1360 0.0779 -0.0723 0.3253 1 

Maine 2013      

 Ramet height 1     

 Stem width 0.7074 1    

 Stem pubescence density -0.0350 -0.0260 1   

 Stem pubescence length 0.0370 -0.0071 0.0409 1  

 Leaf pubescence density -0.0895 -0.0872 -0.0343 0.2638 1 

New York 2013      

 Ramet height 1     

 Stem width 0.8161 1    

 Stem pubescence density 0.3043 0.4747 1   

 Stem pubescence length 0.3430 0.2539 0.0237 1  

 Leaf pubescence density 0.4898 0.5322 0.2651 0.0663 1 

All regions      

 Ramet height 1     

 Stem width 0.6466 1    

 Stem pubescence density 0.1975 0.1909 1   

 

Stem pubescence length -0.0357 0.0833 0.0086 1  

 

Leaf pubescence density 0.1610 0.0785 0.2452 0.0367 1 
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Appendix 4.3: Factor loadings of each trait onto the first three principal components for 

each analysis/region. Bold values emphasize the two axes the trait Stem pubescence 

length loads onto in each analysis, demonstrating that the axes on which the trait loads 

are not consistent among (regional) analyses.  

  

Axis 1 Axis 2 Axis 3 

New Brunswick 2014    

 
Ramet height 0.6008 -0.3253 -0.1057 

 
Stem width 0.5526 -0.3637 -0.3093 

 
Stem pubescence density -0.3629 -0.6363 -0.1762 

 
Stem pubescence length 0.1959 0.5840 -0.5973 

 
Leaf pubescence density -0.4044 -0.1264 -0.7109 

Maine 2013    

 
Ramet height -0.4874 -0.4962 0.0849 

 
Stem width -0.4807 -0.5036 0.1296 

 
Stem pubescence density 0.4391 -0.3912 0.5309 

 
Stem pubescence length -0.5051 0.3447 -0.2053 

 
Leaf pubescence density -0.2888 0.4778 0.8074 

New York 2013    

 Ramet height -0.4717 -0.4709 -0.0736 

 
Stem width -0.4809 -0.4643 0.0850 

 
Stem pubescence density 0.3658 -0.6814 -0.1512 

 
Stem pubescence length -0.4360 0.2592 -0.7826 

 
Leaf pubescence density -0.4714 0.1764 0.5933 

Maine + NY 2013    

 
Ramet height -0.4859 -0.5095 0.0844 

 
Stem width -0.4908 -0.5026 -0.0446 

 
Stem pubescence density 0.4064 -0.4993 -0.3968 

 
Stem pubescence length -0.4756 0.3656 0.2830 

 
Leaf pubescence density -0.3629 0.3238 -0.8679 
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Chapter 5: What has testing the Gape-and-Pinch model taught us about 

host-associated differentiation? 

Host-associated differentiation (HAD), or the process by which specialist (herbivorous) 

insects adapt to a novel host niche and radiate, is a phenomenon that has been well 

documented in recent years. Despite now having identified HAD in a number of 

phylogenetically independent systems (i.e. Diptera on Rosaceae - Bush 1969; and 

Asteraceae - Abrahamson et al. 1989; Waring et al. 1990; Hemiptera on Fabaceae – Via 

1999; Phasmatodea on Rhamnaceae and Rosaceae - Crespi and Sandoval 2000; Diptera 

on Zygophyllaceae - Joy and Crespi 2007; Coleoptera on Ulmaceae - Zhang et al. 2015), 

we have a poor understanding of the mechanisms that drive host-associated ecological 

speciation (Farrell et al. 1991; Rundle and Nosil 2005; Janz et al. 2006).  

 

Several authors (Floate and Whitham 1993; Craig et al. 2011; Heard 2012; Mason 2016) 

have suggested that the intra-specific variation which exists among individuals of two (or 

more) alternative host species may be mechanistically involved in HAD. A series of 

hypotheses posit that such variation among similar, but alternative host species, may 

form a ‘gradient of variation’ by which insects may ‘bridge’ use of a novel host. These 

hypotheses differ in the process that generates the gradient of possible hosts between two 

alternative species (hybridization, genetic variation, phenotypic plasticity), but these 

hypotheses are united in the concept that intra-specific variation may play a pivotal role 
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in promoting HAD. Despite the intuitive nature of these hypotheses, we lack empirical 

data to adequately assess their plausibility.  

 

Among these ‘bridging’ hypotheses, Heard’s (2012) Gape-and-Pinch (GAP) model of 

host-associated diversification hypothesizes that insects at different stages of 

diversification will use individuals with different phenotypes of their hosts differently as 

they progress through HAD. Heard’s GAP model of HAD is the first to provide a clear 

set of testable hypotheses, associated predictions and a statistical framework in which we 

can test the potential role of intra-specific trait variation in host-associated differentiation 

of insects. The objective of this thesis was to test the predictions of the GAP Model of 

HAD (Heard 2012). Here, I discuss how testing this model in the Solidago-herbivore 

system has advanced our understanding of the mechanisms and process of host-

associated differentiation, discuss the limitations of my work, and outline areas of future 

research that testing the GAP model has provoked. I first summarize the Key Findings of 

each research chapter, and then discuss my findings in the context of the implications of 

testing the GAP model for the study host-associated differentiation. 

Key Findings 

Chapter 2: Does intraspecific variation in host-plant traits drive the ecological 

speciation of herbivorous insects? Testing the Gape-and-Pinch model of host-associated 

differentiation 

In Chapter 2, I tested three of the four hypotheses of the GAP model: the adjacent 

oligophagy, distance-divergence and distance-relaxation hypotheses, for multiple 
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specialist and generalist herbivorous insects associated with Solidago altissima and S. 

gigantea. 

 

My findings for specialist insects are generally consistent with many of the predictions of 

the GAP model. I found E. solidaginis selects individuals of its ancestral host S. altissima 

that, prior to attack, are statistically dissimilar (marginal and distant) from the available 

phenotypes of S. gigantea. Furthermore, this pattern was largely driven by stem 

pubescence, the only trait that differed between ramets of S. altissima that would or 

would not later be attacked by E. solidaginis. This pattern of trait-space use is consistent 

with the predictions of the distance-divergence hypothesis (that, for herbivores 

undergoing HAD but not yet intrinsically reproductively isolated, the attacked trait-

spaces will be significantly selective and distant from each other). The altissima and 

gigantea host-races of E. solidaginis are relatively young and rely on host-associated 

mating to maintain partial reproductive isolation (Craig et al. 2001). It is therefore 

biologically plausible that the use of divergent host phenotypes results in, and maintains 

(partial) reproductive isolation. The distance-divergence hypothesis predicts that the two 

attacked trait-spaces will both be exploited selectively, and that such exploitation results 

in the ecological distance required for divergence. However, I did not have the ability to 

assess pre-attack patterns of trait-space use on S. gigantea (because none of my original 

tagged S. gigantea plants were attacked by E. solidaginis), so I only observed the 

selective pattern on the ancestral, not the novel host. I discuss whether symmetric 

patterns of divergence are required for HAD more generally under Implications.  
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For Gnorimoschema gallaesolidaginis, I found that the two attacked host trait-spaces 

were significantly further apart than expected by chance, despite the use of each host-

species not being significantly marginal (although it was significantly restricted on S. 

gigantea and nearly so on S. altissima, Table 2.4i). This finding is congruent with one of 

two predictions of the distance-divergence hypothesis: that the two attacked trait-spaces 

will be significantly selective and distant from each other. This pattern of trait-space use 

is consistent with the biology of G. gallaesolidaginis: the two host-associated lineages 

are well established and host choice errors are rare (Nason et al. 2002; Stireman et al. 

2005; S. B. Heard, pers. obs.). 

 

For the sister species pair, Rhopalomyia solidaginis and R. capitata, I found nonselective 

patterns of attack on both hosts, which is consistent with but not a unique prediction of 

the distance-relaxation hypothesis. The distance-relaxation hypothesis pertains to insects 

which are sufficiently diverged such that use of host plants with similar traits does not 

result in subsequent genetic mixing between the two lineages. Rhopalomyia solidaginis 

and R. capitate are genetically and morphologically diverged sister species and it is likely 

that crosses between the two would not result in viable offspring (McEvoy 1988; Gagné 

1989; Stireman et al. 2005). As I discuss in Chapter 2, a lack of pattern is not strong 

evidence for the GAP model, because a lack of selective trait-space use could be driven 

by biological processes unrelated to HAD or could result from not measuring the ‘right’ 

traits.  
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For the four generalist insect species I investigated, I found all to exhibit selective 

patterns of host use, but these patterns are not those predicted under the GAP model for 

specialists undergoing HAD. I offer interpretations of these findings under Implications. 

 

In this chapter, I introduced the concept of the ‘direction of marginality’. While this 

concept was implicit in the distance test of the GAP model (Heard 2012), it was not 

developed beyond classifying the two attacked trait-spaces as adjacent or distant to each 

other. The direction of marginality concept became a major emphasis of my analysis of 

trait-space use and allows for the classification of the attacked trait-space of one host in 

relation to the available trait-space of another. Doing so was essential because I detected 

selective use of host-trait space for E. solidaginis using S. altissima, but I did not have 

the ability to assess a pattern on S. gigantea pre-attack, so I could not conduct the distant-

trait space test, which would tell me if the two attacked trait-spaces were significantly 

closer or further apart than expected by chance. What underlies the distant-trait space test 

in concept is determining, when host-use is marginal (selective), if it is marginal in a 

direction towards (distance = small) or away (distance = large) from the alternative host. 

I developed the direction of marginality assessment to determine if the direction of the 

attacked trait-space is more similar to (towards), more dissimilar to (away from), or 

neither similar or dissimilar (orthogonal, Chapter 2 Figure 2.2) to the vector connecting 

the two available trait-spaces. The direction of marginality assessment can be conducted 

independently for exploitation of each host species: I could compare the location of the 

attacked trait-space on one host species to the available trait-space of the other species, 

independent of patterns of attack on the alternative host species. This is an enhancement 
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to Heard’s (2012) statistical tests, because it allows inference in the (likely) event that 

attack on one of two hosts is rare enough that the attacked trait space is difficult to 

measure. This was indeed the case for E. solidaginis on S. gigantea, and will be 

important in future tests of the GAP model if different selective pressures present on each 

alternate host results in asymmetric selection, a concept I develop under Implications.  

 

My approach in this chapter was to test the hypotheses of the GAP model in a single field 

study. The advantages of this approach were that I was able to track the same individual 

plants from emergence to senescence, assess plant traits prior and subsequent to insect 

herbivory, and sample insect species active at different times during the season. The 

major limitations of this approach were that I could not predict how many plants would 

be attacked by various insects. As a result, despite having marked a very large number of 

ramets pre-attack, my post-attack sample sizes were low (especially on S. gigantea) for 

many herbivores, and I was not able to collect pre-attack trait data (Initial or Early) from 

ramets of S. gigantea which would be later attacked by E. solidaginis, one of the focal 

herbivores in this study. My rates of insect attack are not uncommon - in observational 

field studies of insect-host use, attack rates are often not even quantified due to the 

difficulty in obtaining such measures, and when they are, attack may often be 

concentrated on less than 1 % of available plant individuals (e.g. Moffat 2012). 

 

I focused my sampling efforts in this (and other chapters) to maximize the variation 

sampled within a particular study, which did not afford me to replicate my studies in 

space or time. Certainly there is spatial and temporal variation in patterns of insect-host 
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plant use in the Solidago system (e.g.  Maddox and Root 1987; Shibel 2016), and to more 

rigorously assess the repeatability of my results would require spatial and/or temporal 

replication, or alternatively, verifying field results with experimental studies. I suggest 

the latter approach, due to the difficulties in obtaining sufficient numbers of attacked 

plants discussed above. Experimental field cage studies could be beneficial, as it would 

result in plants of known attack and the ability to measure traits on one replicate 

(unexposed) group of plants while subjecting the other to possible attack. However, these 

conditions would likely not mimic the true breadth of available host phenotypes in a 

population, so the results would need to be interpreted carefully. I think such a design 

may be a logical next-step following a field-observational study like mine, as 

observational field studies generate the particular predictions to be tested under 

experimentation and could identify unattacked plants which were in close spatial of 

phenotypic proximity to attacked plants.  

 

Chapter 3: Are Eurosta solidaginis on Solidago rugosa a divergent host-associated 

race? 

In Chapter 3, I tested two alternative hypotheses regarding the use of Solidago rugosa by 

E. solidaginis: (i) that galls on S. rugosa are made by the S. altissima host race of E. 

solidaginis or that (ii) gall flies on S. rugosa represent a genetically distinct host race. I 

found that the majority of flies, regardless of host species, shared the same mtDNA 

haplotype across my study region. However, I detected several additional haplotypes, the 

majority of which were not shared among host species. At the local (site) scale I was able 

to discern S. gigantea-associated fly haplotypes from both S. altissima and S. rugosa 
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haploytpes, but the majority of S. altissima and S. rugosa flies shared the same haplotype 

locally. I did not find compelling evidence that E. solidaginis galls on S. rugosa represent 

a genetically distinct host race from S. altissima, so I hypothesized that flies that use S. 

rugosa and S. altissima are one narrowly oligophagous taxon using both species as hosts. 

However, the presence of rare unique haplotypes on S. rugosa (and on S. altissima) and 

use of S. rugosa in the absence of use on sympatric S. altissima, suggested that E. 

solidaginis associated with these two hosts could be in the earliest stages of host-

associated divergence. 

 

My approach in this chapter was to examine variation in a region (COI/COII) of the 

mitochondrial genome from E. solidaginis collected from S. rugosa, S. altissima, and S. 

gigantea from multiple sites across New England. The reason I selected this marker was 

that it has been previously used to detect divergence among host-associated populations 

of E. solidaginis (Brown et al. 1996, Brown et al. unpublished data), which allowed us to 

combine my data set with the data collected by M. Takahashi and colleagues (both 

datasets are presented in Chapter 3). Using this marker did allow me to distinguish host-

associated haplotypes of E. solidaginis, and by sampling multiple flies from each host 

(where possible) at each site, I was able determine that: (i) detecting host-associated 

variation among haplotypes in this region requires comparing haplotype identities at the 

local site scale, and not regional scales, and (ii) unique haplotypes are present for flies 

using S. rugosa (and the other two hosts), but these are rare within each population (site) 

and likely not detected without within-site replicative sampling. Some disadvantages of 

the COI/II region are that it is (considered by some) a neutral molecular marker (but see 
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Galtier et al. 2009), thus is not under direct selection. As such, use of this marker likely 

misses regions of the genome under active selection. I did investigate another neutral 

marker, the D2 region of the internal transcribed spacer, but when sequencing this region 

from a sub-sample of flies, I found little variation in the marker and detected no pattern 

based on either host or site; I did not pursue this or other nuclear markers further. I make 

suggestions for future studies on the genetics of HAD for E. solidaginis and more 

generally under Implications. 

 

Chapter 4: Can repeated host shifts result from the selective use of host-plant trait space 

by herbivorous insects? 

In Chapter 4, I tested the hypothesis that E. solidaginis’ use of more pubescent S. 

altissima may have predisposed it to exploit the highly pubescent S. rugosa where the 

two host species are sympatric in New England. This hypothesis was driven by my 

previous finding (Chapter 2), where E. solidaginis shows selective use of the most 

pubescent phenotypes of S. altissima in Minnesota (which are statistically dissimilar 

from available phenotypes of S. gigantea) and that this pattern of host trait-space use 

may reinforce reproductive isolation between the altissima and gigantea host races and 

play a role in driving their divergence. 

 

I find some, but not unequivocal, support for the hypothesis that that one host shift may 

have led to another. Eurosta solidaginis in New England does indeed demonstrate 

statistically selective use of available S. altissima phenotypes, and the selective pattern is 

in part driven by attacked S. altissima having higher stem pubescence values, making 
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them more similar to available S. rugosa than expected by chance. However, other (plant 

vigour) traits are also associated with attack by E. solidaginis and shift the pattern of 

exploited phenotypes of S. altissima so that it is neither statistically similar or dissimilar 

(instead, orthogonal) to the available phenotypes of S. rugosa. Nevertheless, stem 

pubescence length is significantly associated with attack of S. altissima by E. solidaginis 

in Minnesota and my eastern sampling sites in New England, and in both regions, may 

play a role in either driving divergence in host-use or bridging host-use. I put forth the 

idea that a ‘key (host) trait’ – here stem pubescence length - may be play a role in not 

only single, but multiple episodes of HAD. Identifying such key traits could provide new 

insights into the mechanisms of HAD and speciation, as I develop under Implications.  

My approach in this study was to quantify phenotypic trait-variation among available and 

attacked S. altissima and S. rugosa across multiple field sites in New York, Maine and 

New Brunswick. One advantage of this multi-site approach was it yielded sufficient 

sample sizes for tests of the GAP model. Populations of Solidago in this region can be 

very patchy, and coupled with often very low attack rates by E. solidaginis, sample sizes 

from individual sites can be very low. A disadvantage of this approach was combining 

populations from different environments, which could result in overlapping gradients of 

available phenotypes and mask subtle patterns of trait-space use. Another limitation was 

that I did not replicate my collections in space or time (due to logistical issues with the 

Canada/US border), so I cannot tease apart spatial from temporal variation. However, I 

suspect the ‘regional’ variation I encountered was spatial, because I collected the New 

York and Maine samples during the same collection trip, yet the differences in plant trait 

values were marked. Despite samples from Maine and New Brunswick being collected in 
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different years, they had more similar trait values than between Maine and New York, 

suggesting that space and not time is accounting for the phenotypic variation. 

 

In concert, the results from these three chapters suggest that divergent use of plant 

phenotypes plays some role in insect diversification, and that the pattern and extent of 

early diversification may occur at local, rather than regional or species-level scales.  

 

Implications of testing the GAP model for the study host-associated differentiation 

The conceptual basis of the GAP model is intuitive and appealing, and the statistical tests 

are useful for identifying potentially relevant elements of the biology of host-associated 

differentiation. Overall, my findings are generally (but perhaps not strongly) consistent 

with the predictions of the GAP model, that the use of host-trait space may indeed 

depend on the stage of divergence examined.  

 

On traits 

In Chapter 2, I suggested there are a few approaches to choosing traits to test in the GAP 

model. One could include ‘all’ (really a haphazard subset) possible traits, or a set of ‘a 

priori’ traits. Even when including a priori traits, my results from both tests of the GAP 

model (Chapters 2 and 4) indicate including too many ‘unimportant’ traits may mask 

biologically relevant results on particular traits, which are either directly associated with 

or correlated with insect attack. The choice of traits can determine whether a test is or is 

not significantly different – if I removed stem pubescence from the original trait-space 
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test for E. solidaginis on S. altissima in Minnesota, the distribution of attacked 

phenotypes in trait-space ceased to be significantly different from the available 

phenotypes (data not shown). The choice of traits can also change the location of the 

pattern of attack in trait-space, and thus the interpretation of the biology of the species 

being tested. For instance, in Chapter 4 I found that attack by E. solidaginis on S. 

altissima was statistically selective (marginal), but the direction of the attacked trait 

space (orthogonal) was neither towards nor away from the available trait-space of S. 

rugosa. But when I eliminated stem pubescence length from the analysis, the direction of 

the attacked trait-space became statistically dissimilar to the available phenotypes of 

(away from) S. rugosa, whereas an analysis of just stem pubescence length (if we could 

conduct trait-space tests on just one trait) would be towards the available phenotypes of 

S. rugosa. Perhaps unsurprisingly, it is clear the choice of which traits to include in the 

model impacts the results we obtain from the model, as well as our interpretations; I 

make some suggestions to remedy this below. 

 

In Chapter 2, I suggested that for some herbivorous insects, there may be a link between 

those traits that differ between alternative host species and the divergent forces of 

selection acting on host-associated populations. This suggestion was driven by my 

finding that stem pubescence was the dominant trait driving the differences between the 

traits of attacked versus all available plants of S. altissima by E. solidaginis. I 

hypothesized that selective use of S. altissima with higher pubescence levels could play a 

role in the divergence of the altissima and gigantea host races. Because this trait differs 

drastically between S. altissima and S. gigantea, I proposed that in the absence of 
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knowledge of mechanistic traits, traits that differ between host species, and particularly 

those that may show a gradient of values between host species, may be good candidate 

traits to explore for insects in the process of HAD.   

 

In Chapter 4 I propose the notion of ‘key traits’- that there may be one or more focal host 

traits involved in driving patterns of host trait-space use and which may be 

(mechanistically) involved in host-associated divergence. This is a departure from 

Heard’s GAP model (2012), which emphasizes quantifying multiple traits to best capture 

the phenotypic variation among available host individuals (but does acknowledge the 

issues involving trait selection, as I have done above). However, the notion of key host 

traits being important for HAD is not a novel idea. In other classic cases of HAD, it is 

precisely a few key traits that have been attributed to driving HAD. For instance, fruit-

odour and fruiting phenology are two key traits which have been experimentally 

demonstrated to be mechanistically involved in promoting HAD of Rhagoletis pomonella 

(Feder et al. 1993; Lin et al. 2003; Feder and Filchak 1999). The soapberry bug (Jadera 

haematoloma, Hemiptera: Rhopalidae) whose ancestral host is balloon vine, 

(Cardiospermum corundum), rapidly formed a divergent host-associated race on the 

introduced golden rain tree, (Koelreuteria elegans) in response to differences in seed pod 

size and thickness and seed quality (lipids and nitrogen, Carroll et al. 1998)1. However, 

as is typical for the discipline, variation in such key traits has only been compared 

                                                 

1 These host-races have since collapsed, and now where the invasive golden rain tree occurs soapberry 

bugs have become maladapted to and have ceased use of their ancestral host balloon vine (Cenzer 2016). 
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between alternative host species, and any variation within host species is usually 

collapsed and used solely to qualitatively describe the characteristics of the species (or 

population), rather than being seen as providing an array of phenotypically distinct 

individuals available for attack. My suggestion that key traits may be mechanistically 

involved in divergent host-use is novel in that it connects the concept of key traits to the 

bridging hypotheses of HAD (i.e. the GAP model). All previous iterations of these 

bridging hypotheses have focused on the overall gradient of phenotypic (or genotypic) 

variation between alternative host species. What I suggest is that insect responses to 

intra-specific variation in key host traits, which are well established as crucial 

determinants of insect ecology (i.e. preference and performance), are also likely 

mechanistically involved in not only bridging the use of novel host species (sensu Floate 

and Whitham 1993; my data in Chapter 4) but also in driving divergent use of available 

host individuals, reducing gene flow and promoting ecological speciation.  

 

Finally, as I argue in Chapter 4, just because particular plant traits are important to 

herbivory does not mean that they play a role in HAD. Disentangling traits which may be 

associated with insect performance, for instance (i.e. plant vigour), but not their 

evolutionary trajectories (i.e. HAD) from ‘key traits’ which may be mechanistically 

involved in HAD will likely require a combination of host-use data and trait 

quantification (much like I have done here), experimental bioassays, and potentially 

knowledge of which traits for the insect are under strong divergent selection (i.e. 

genomic data, discussed in a subsequent section). 
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HAD has been widely observed to occur among host species that share similarities in 

morphological, phenological, and/or chemical traits (Nyman 2010). This is logical, 

because insect host finding, host acceptance and fitness are influenced by a myriad of 

traits, including visual, chemical, and sensory cues (Bernays and Chapman 1994). Host 

chemistry has been linked to specific cases of HAD (e.g. Linn et al. 2003; Heath et al. 

2013), as has host phenology (e.g. Feder et al. 1993; Feder and Filchak 1999) and host 

morphology (e.g. Carroll et al. 1998; Nosil et al. 2002). I found evidence for the role of 

morphological traits in HAD of several Solidago-herbivores, but not necessarily 

phenology (although pre-attack traits such as plant vigour likely have both morphological 

and phenological components). However, I did not include any host chemical traits in our 

tests of the GAP model, and this is surely a fertile avenue for future work. There are a 

plethora of chemical traits that could be tested in Solidago, but a logical starting point 

would be to investigate the role of terpenoids and protease inhibitors. Both terpenoids 

and protease inhibitors are known to vary among and within species of Solidago and are 

associated with attack by some herbivores (e.g. Johnson et al. 2007; Bode and Kessler 

2012; Bode et al. 2013; Uesugi et al. 2013; Heath et al. 2014). Future tests of the GAP 

model in the Solidago-herbivore system will surely include chemical traits, and may 

either challenge or support our current findings. Until these traits are analyzed in the 

context of the GAP model, the role chemical traits may play in driving HAD of particular 

herbivores in the Solidago-herbivore system is unknown.  

 

The choice of which traits to include is an underlying issue for testing the GAP model, 

but one that I don’t believe is insurmountable. Which (types of) key traits may be 
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important in driving and/or maintaining HAD surely will be study-system dependent. I 

suggest the utility of the GAP model may be both in identifying candidate traits of 

importance for HAD in host-parasite systems, and in testing the potential role candidate 

traits may play in HAD. But I caution that in either instance, to causally relate host-traits 

to HAD will require other, independent types of behavioural, genetic or ecological data – 

the model should not be used to both identify candidate traits and confirm their role in 

HAD without other data types.  

 

On the spatial scale and signature of adaptive divergence 

It is well recognized among evolutionary biologists that evolution occurs at the 

population level, not the species level. However, studies of HAD (often conducted by 

ecologists dabbling in evolution, like myself) generally focus on the species level and 

may tend to gloss over interesting (and often contradictory) patterns of divergence which 

may be ‘exceptions to the rule’ or can only be detected by examining patterns of 

divergence at the local scale. Yet, these ‘exceptions’ may contain some of the most 

interesting biology and insights into mechanisms of divergence. My work suggests that 

adaptation to within-niche variation, and particularly the ‘edges’ of niche space, may 

provide a path to colonization of novel niches and be a general ecological mechanism 

driving divergence. By quantifying fine-scale patterns of niche use we may be able to 

detect such local ‘niche-edge’ adaptation, quantify its role in ecologically-mediated 

divergence, and potentially predict for which populations divergence may proceed. 
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In Chapter 3, I was able to detect the signature of HAD (between altissima and gigantea 

flies) only at the population level (one to a few nearby sites), but could not detect the 

signature of HAD at the scale of my study area. Because the majority of flies across the 

geographic range I sampled shared the same haplotype, I would not have detected the 

expected pattern of HAD between altissima and gigantea flies if I had not examined 

haplotypes frequencies at the site level. If I had not been able to detect HAD among the 

well established altissima and gigantea host races of E. solidaginis, this would have made 

it rather difficult to interpret findings for flies using S. rugosa. My results suggest that for 

host-associated forms that are not completely reproductively isolated, examining possible 

patterns of (host-associated) divergence within populations may be essential to detecting 

the signature of HAD, as the genetic signal may be scrambled at regional or higher levels 

of organization. Further, divergence could be occurring more quickly (or have been 

initiated earlier) in different locations, but examining only regional patterns may mask 

such a finding. I detected two unique haplotypes of S. rugosa-associated flies at one site 

in New Hampshire, but at two nearby sites I did not detect any unique haplotypes among 

the rugosa flies sequenced. This could possibly suggest flies at one site are more locally 

diverged than flies at a neighbouring site. While my data are insufficient to confirm or 

reject such an idea, variable amounts of genetic divergence have been observed in other 

populations of E. solidaginis exploiting S. altissima and S. gigantea in Minnesota which 

were in close proximity (Itami et al. 1998). For another Solidago insect, Copidosoma 

gelechiae (a natural enemy of G. gallaesolidaginis), Kolaczan et al. (2009) found 

evidence for multiple parallel origins of HAD among the sites examined, which taken 

with mine and Itamit et al.’s (1998) data suggests that for some Solidago insects, HAD 
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may evolve repeatedly in distinct populations. Coupled with geographic and/or temporal 

variation in host traits, divergent host-associated selection likely occurs more or less 

strongly at different locations and in different times on the landscape, as suggested by the 

geographic mosaic of (co-)evolution (Thompson 1994). 

 

In Chapter 2, I assumed that previous investigations of HAD (both for my three 

specialists and two of the generalists) had accurately characterized host-associated 

genetic divergence. For the three specialists (E. solidaginis, G. gallaesolidaginis and R. 

solidaginis and R. capitata), rates of divergence were calculated using molecular clocks 

of mitochondrial DNA sequence data and allozyme data (Stireman et al. 2005). While the 

use of molecular clocks has come under fire since the publication of this work (i.e. Xu et 

al. 2006; Galtier et al. 2009), the relative estimates of divergence (i.e. host-associated 

forms of E. solidaginis are younger than G. gallaesolidaginis which are younger than R. 

solidaginis and R. capitata) are likely correct as they are congruent with the biology of 

these insects. For the generalist insects we studied, two have been investigated for HAD: 

Asteromyia carbonifera (Stireman et al. 2008, 2010) and Asphondylia solidaginis 

(Dorchin et al. 2015). Neither of these insects showed evidence for host-associated 

divergence with neutral molecular markers (although A. carbonifera shows evidence of 

plant-module divergence). But as Stireman et al. (2005) cautions for their lack of 

findings for HAD in ‘generalist insects’, we “cannot rule out HAD on finer geographic 

scales or occurring without neutral genetic divergence”.  

 



 

185 

 

I suggest that future (genetic) study on E. solidaginis (and other insects that have 

undergone HAD) may benefit from a population genomics approach. My work on E. 

solidaginis in New England suggests that adaptive divergence may be occurring at the 

local (site) scale. Utilizing contemporary population genomic approaches could provide 

new insights into the genomic basis of adaptation for E. solidaginis exploiting different 

hosts at the local scale. An exciting avenue for future research would be to connect genes 

under strong selection to host-trait use. For instance, if SNPs (single nucleotide 

polymorphisms) were detected in genes related to chemo-sensory and/or tactile receptors, 

this could generate hypotheses of potential plant traits (i.e. pubescence) to examine in 

experimental bioassays. The power of using (insect) genomic data to identify candidate 

host traits involved in HAD has, to my knowledge, not been realized, yet in other 

systems where HAD is occurring (i.e. Timema and Rhagoletis), genomic data are 

available for such purposes (Nosil et al. 2008; Comeault et al. 2014; Egan et al. 2015; 

Ragland et al. 2015).  

 

On the utility of the GAP model for generalists 

A surprising finding was the consistent patterns of host-trait space use exhibited by 

generalist insects. For the majority of generalist insects I sampled in Chapter 2, I detected 

a significant marginal use of host-trait space on S. altissima¸ significantly similar to 

(marginal-towards) the available S. gigantea, but a non-selective pattern on S. gigantea. 

This pattern for generalists is similar to what I detected for E. solidaginis using S. 

altissima and S. rugosa in Chapter 4, which based our best evidence (Chapter 3) is a 

narrowly oligophagous generalist. Perhaps coincidentally, the consistency in findings for 
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the generalists using S. altissima and S. gigantea (i.e. Asphondylia, Asteromyia, 

Liromyza) and E. solidaginis as a narrow generalist on S. altissima and S. rugosa is 

interesting, but the mechanism behind such a trend is not clear. Determining if such a 

pattern is unique to the Solidago-herbivore system or a common pattern of host-use by 

generalist insects will require comparing patterns of host phenotype use within and 

between alternate host species (e.g. using the GAP model) in other plant-insect systems  

What may be more interesting is the lack of selective trait-space use I observed on either 

of the novel hosts in my studies: S. gigantea and S. rugosa. Only once did I detect a 

significant result on a novel host species (Nemorimyza on S. gigantea in the Early test of 

Chapter 2, Table 2.4i). In total I conducted 23 trait-space tests on novel hosts (either S. 

gigantea or S. rugosa), so to find one significant result is exactly what I would expect to 

find by chance alone at alpha = 0.05. The lack of selective trait-space use on the novel 

hosts in my study inspires many questions – did we include the ‘right’ traits for S. 

gigantea and S. rugosa, or is the non-selective pattern we observe on both something 

special about novel hosts in this system?  

 

The GAP model outlines a set of hypotheses and predictions for specialist insects, 

because these are the insects that progress through HAD. But we do not know if what we 

observe to be a (narrow) generalist at the time of study will become two (or more) 

specialists at a subsequent point in time. The adjacent-oligophagy hypothesis of the GAP 

model makes predictions for how an insect which is a narrow generalist will use 

available phenotypes of its two hosts during what we presume is a transient phase; the 

GAP model does not make predictions for generalists that remain generalists. Should 
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such insects maintain a pattern of host-use as congruent with adjacent-oligophagy 

through time? The answer to this question likely depends on the adaptive landscape of 

available host phenotypes, and where on the landscape fitness will be maximized at 

different snapshots in (evolutionary) time. That plants and their herbivorous insects are 

thought to be in an evolutionary arms race (Dawkins and Krebs 1979; Berenbaum et al. 

1986), whereby plants are continually attempting to evolve novel defensive mechanisms 

and their herbivores are attempting to adapt to such defenses (and vice versa) would 

suggest that fitness may be maximized by using different available phenotypes (i.e. those 

less defended) at different times. Yet, the co-evolutionary arms race between plants and 

insects does not take place in a vacuum, but in a complex and ever changing geographic 

mosaic of community level interactions. The forces that may alternatively stabilize or de-

stabilize associations between particular host phenotypes and generalist herbivores are 

surely complex. However, by examining patterns of host-phenotype for (purported) 

generalists and contrasting these patterns to those for known specialists (like I have done 

in Chapter 2) may provide some insights into why some insects are very tight host 

specialists and other are more-or-less narrow generalists, a biological phenomenon that is 

still not well understood.  

 

On symmetric vs. asymmetric evolution 

My results for E. solidaginis suggested that selective use of host phenotypes does not 

have to occur in both the ancestral and novel host species. Instead, I found consistent 

differences between attacked and available phenotypic space in the ancestral host 

species, but never in the novel host species. The adjacent-oligophagy, distance-
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divergence and distance-relaxation hypotheses (Heard 2012) all predict that patterns of 

host trait-space use will be mirrored (statistically) on each of the alternative hosts, and 

implicit in the model is that some degree of symmetry is required for divergence to 

occur. Such a description is very intuitive from a conceptual standpoint and I can 

envision the difficulty in presenting a convincing conceptual model with too many 

alternatives (i.e. it is easier to conceive of the two attacked trait-spaces moving in 

symmetry than one pattern happening on one host and a different pattern on the other). 

However, the statistical predictions (not just the conceptual nature) of the model require 

more-or-less symmetric patterns of trait-space: under adjacent-oligophagy, selective 

attack is marginal on both hosts and the two attacked trait-spaces are adjacent; under 

distance-divergence, selective attack is marginal on both hosts and the two attacked trait-

spaces are distant from each other. I suggest that the statistical requirement of relative 

symmetry in host use limits the current GAP model in several regards and may inflate the 

chances of making a type II error.  

 

From an evolutionary (gene flow) perspective, is it necessary that the two incipient host 

races’ use of phenotypic trait-space become selective away from the alternative host in 

both cases – that is would we necessarily expect populations of insects, subjected to 

divergent selective pressures, to then exploit each alternative host in a similar, 

‘symmetric’ manner? Or is a finding of a selective use of the available phenotypes on 

only one of the two host species (asymmetry) mechanistically plausible? If insects 

exploiting one host do so in a manner that creates phenotypic distance between the 
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attacked phenotypes of one host and the available phenotypes of another, is that enough 

for HAD to proceed?  

 

The concept of asymmetric selection has not been (widely) discussed in the context of 

HAD, but it is a well-recognized phenomenon in other eco-evolutionary processes – i.e. 

plant-mating system evolution (Campbell and Waser 1987; Charlesworth and 

Charlesworth 1987), sexual selection (Andersson 1994), dispersal (Kawecki and Holt 

2002) and competition (Law et al. 1997). In the broader (than HAD) discipline of 

ecological speciation, the role of asymmetric selection has received rather little attention, 

but there are examples for sunflowers (Andrew et al. 2012), oaks (Lagache et al. 2014), 

and sticklebacks (Räsänen and Hendry 2014), as well as a few more general works on the 

subject such as Schluter (1988) and Flaxman et al. (2014). The role of asymmetric 

selection in driving trait evolution (here I mean traits of the insects) has been recently 

emphasized in the literature (i.e. Urban et al. 2013; Fraïsse et al. 2016), but linking the 

theory of asymmetric evolution to studies of host-associated differentiation and insect 

speciation has untapped potential and possible synergies with the GAP model of HAD. 

 

Effectively, multi-dimensional plots of host phenotypes are an adaptive landscape (Lande 

1976, 1979) on which insect populations are evolving. Like any adaptive landscape, we 

would expect on an adaptive landscape of host phenotypes there to be peaks and valleys 

(where fitness is maximized or minimized respectively). The GAP model’s predicted 

patterns of trait-space use can be interpreted as predicting where on the adaptive 

landscape fitness will be maximized for insects at varying stages of HAD. In effect, the 
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GAP model hypothesizes that the (fitness) peaks and valleys in the adaptive landscape of 

host-trait space will change over evolutionary time, and that such changes drive host-

associated differentiation. Yet, the GAP model does not currently consider that the 

topology of the two adaptive landscapes (two available host-trait spaces) may be 

different and that our two incipient host races may be evolving towards fitness optima in 

different, asymmetric locations in phenotypic space.  

 

Differences in preference for pubescence traits exhibited by E. solidaginis on S. altissima 

but not S. gigantea may be an example of asymmetric selection occurring in E. 

solidaginis. Because S. gigantea is almost entirely glabrous, flies exploiting S. gigantea 

will be ‘free’ of selective pressures for use of pubescent phenotypes, and may evolve 

towards other fitness optima (i.e. fitness may be maximized by utilizing S. gigantea with 

the lowest levels of cuticular waxes, a defensive trait of S. gigantea we did not measure). 

If different fitness peaks exist on different host species, this would result in asymmetric 

forces of natural selection and asymmetric patterns of trait-space use that may still result 

in HAD. The potential of connecting the ideas of the (asymmetric) adaptive landscape of 

host trait-space and the fitness advantages conferred to exploiting peaks of the landscape 

has not been fully realized. I suggest this is a fertile avenue for future research, which 

could proceed via a combination of individual based (mathematical) modelling, 

quantitative genetics and the ecology of host trait-space use.   

 

The GAP model in its current form relies not just on similar patterns of insect attack to 

occur on both host-species (i.e. both adjacent or both distant), but also relies on similar 
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patterns of trait-variation to exist within each alternative host species, and for these traits 

to be important to insect exploiting both hosts. As I discussed above, implicit in this logic 

is that the adaptive landscapes represented by the two adjacent host-trait spaces are 

(relatively) symmetric, yet this is unlikely to be true. While sharing some similarities, 

alternative host species differ in traits, traits which I suggest may be causally important 

for HAD and ecological speciation. My test of the GAP model in the Solidago-herbivore 

system highlights how assuming the same traits are important for HAD on both host 

species limits the current iteration of the GAP model. First, we should not expect similar 

patterns of trait-variation for all traits, even among closely related (host) species. For S. 

altissima and S. gigantea, the amount of stem pubescence is a distinguishing character, 

with S. altissima being rather pubescent and S. gigantea being nearly glabrous. 

Therefore, where we may find wide variation in one trait on one host species (i.e. a wider 

range of stem pubescence lengths on S. altissima) and we may find no or very limited 

variation in the same trait on the alternative host species (i.e. the lack of pubescence on S. 

gigantea, where >90% of individuals were entirely glabrous, data not shown). That my 

results suggest that traits which differ strongly between alternative host species could 

play a mechanistic role in HAD is especially important here – such traits could be 

mechanistically important for insects exploiting one or even both hosts, but if the range 

of variation in such a trait differs dramatically between the two alternative hosts, then 

likely the impact such a trait would have on driving the ordination axes would 

differentially impact the resulting distribution of available trait-space of the two hosts. I 

suggest that the limitations imposed by differences in the relative variation and 
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importance of traits on the GAP model can be mitigated by testing for patterns of 

selective trait-space use independently on each host species, as I have outlined above. 

Conclusions 

My research on host-associated differentiation in the Solidago-herbivore system has 

advanced our knowledge of the potential role of intra-specific variation in host-traits in 

driving ecological divergence, and highlighted that such adaptive divergence occurs at 

the local scale. My dissertation provides the first rigorous tests of the Gape-and-Pinch 

model of host-associated differentiation. Overall, my data were generally (but perhaps 

not strongly) consistent with the predictions of the GAP model, that the use of host-trait 

space may indeed depend on the stage of divergence examined. My results provide new 

potential insights into the biology of host use of E. solidaginis – suggesting that 

pubescence may be involved in host discrimination and potentially not only one, but two 

cases of HAD. I suggest the notion that key host traits may be involved in HAD, and 

where host traits involved in HAD are not known, that examining patterns of host trait-

space use based on traits which differ between alternative hosts may provide insights.  

 

In other plant-insect systems where HAD is suspected or has been identified, I see 

several utilities of the GAP model moving forward. At the most general level, tests of the 

GAP model require a shift in perspective for most researchers studying ecological 

speciation and adaptive evolution – a shift from focusing on comparing species level 

patterns to a more nuanced approach considering individual level phenotypic and 

population level patterns of variation in the landscape which may play a role in driving 
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divergence. To conduct tests of the model requires some knowledge of attributes of the 

niche being exploited by a diverging species, and to quantify those attributes (traits) both 

within and between environments. Doing so in the Solidago system has identified a 

potential ‘key trait’ that had previously not been well studied in this system. Tests of the 

GAP model may also indicate the relative degrees of host-associated selection 

proceeding in diverging populations. I emphasize the need to conduct tests of selective 

trait-space use independently for each host-associated population, which would mean 

replacing the distant-trait space tests with statistical tests that quantify the distance 

between the attacked trait-space on one host with the available trait-space on the other, 

rather than the distance between the two-attacked trait-spaces. 

 

Within just the Solidago system, there are several avenues for future work on E. 

solidaginis, not to mention other herbivores. For the purported generalists in our study, 

are these true generalists, or are they about to become two host-associated specialists? If 

we knew the traits involved in host use, could we potentially predict HAD before we can 

observe the genetic signature? Conversely, do small but consistent differences in trait-use 

(even if not statistically significant) provide enough variation to result in divergent, 

evolutionary significant changes in host-use? Eurosta solidaginis is particularly 

interesting because it is an insect that is actively undergoing HAD, on multiple hosts and 

in multiple geographic areas. There is great opportunity in the E. solidaginis-Solidago 

system to characterize the ecological role selective use of host-plant traits may play in 

driving divergence within and between populations, as well as the genomic basis of local 

adaptation. Future work in this system, and other plant-herbivore or host-parasite 
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systems, will likely benefit from a synergistic approach of quantifying ecological patterns 

of host use (in both field and experimental settings), behavioural bioassays to test the 

potential role of key host traits, and population genomic approaches. Combining such 

lines of evidence has great promise to reveal mechanisms of host-associated 

differentiation and diversification. 
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