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ABSTRACT 

SPATIOTEMPORAL DYNAMICS AND HOST SELECTION OF EMERALD 

ASH BORER, AGRILUS PLANIPENNIS (COLEOPTERA: BUPRESTIDAE), AT 

POINT PELEE, NATIONAL PARK, ONTARIO, CANADA 

Shelley E. Carson 

University of Guelph, 2014

Advisor: 

Dr. Gard W. Otis

The emerald ash borer (Agrilus planipennis; EAB) is a wood-boring beetle that 

was introduced to North America from Asia c. 1990. Larval feeding on ash trees 

(Fraxinus spp.) has caused extensive mortality of North American ashes. 

This study was initiated in the early stages of an EAB infestation at Point Pelee 

National Park in Essex County, Ontario, Canada to monitor an infestation in a natural 

environment, and included assessment of tree health and quantification of beetle 

emergence. 

A plot containing green and blue ash trees was established in 2008. Green ashes 

were heavily infested; blue ashes showed no signs of colonization. By 2011, all green 

ashes were dead while EAB had emerged from few blue ashes. Emergence had declined 

dramatically. Blue ash trees are not expected to suffer severe mortality at this site due to 

EAB infestation. 

Crown health and EAB emergence was assessed in 620 ash trees in six plots from 

2008 to 2011. Exit holes left by beetles in 2006 and 2007 were also counted. Emergence 

was low in 2006, peaked in 2009, then decreased again despite the availability of suitable 

hosts. This is atypical of EAB infestations; the cause of this decrease is unknown. 



 

‘Actively infested’ trees (new exit holes) were divided into ‘newly infested’ and 

‘reinfested’. An increase in newly infested trees coincided with greater beetle emergence. 

The number of reinfested trees remained relatively constant. This suggests population 

increases result in local dispersal, and reinfestation reduces colonization of new trees. 

Finally, the influence of host and stand variables (tree diameter, crown position, 

surrounding basal area and stem count, and tree location) on EAB emergence was 

investigated. Using zero-inflated Poisson modelling, the influence of each variable on 

exit hole estimates and on the probability of no exit holes (suitable hosts not yet infested) 

was assessed. Separate models were generated for each year because ash tree mortality 

altered the surrounding habitat. Models indicated the infestation moved southward faster 

than eastward; host and stand variables slowed eastward movement. This suggested that 

female EABs selected hosts based on host and stand variables. The influence of these 

variables changed over time. 
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CHAPTER 1 

The emerald ash borer beetle in North America; a literature review and 

summary of research objectives 

 

1.0 Introduction 

Exotic species’ introductions and establishments in North America have a 

considerable history. Between 1882 and 2003, twenty-six new forest insect pests were 

confirmed to have established populations within Canada (Canadian Forest Service 

2005). The incidence of global species relocations has increased dramatically in recent 

years with the rise in international trade (Mack et al. 2000, Allen and Humble 2002). The 

vast majority of exotic species do not establish in new geographic locations because of 

mortality during transport or after arrival as a result of biological or physical conditions, 

or due to insufficient numbers of surviving individuals to sustain a population (Allee 

effects) (Mack et al. 2000, Leung et al. 2004). Limited genetic diversity can also prevent 

a population from enduring long-term (Kinziger et al. 2011). Others are able to overcome 

various obstacles and flourish in their new habitats. Some become ‘invasive species’ (as 

defined in Kolar and Lodge (2001): “a nonindigenous species that spreads from the point 

of introduction and becomes abundant”). This may result from specific traits that affect 

the ‘invasiveness’ of a species and the ‘invasibility’ of ecosystems (Kolar and Lodge 

2001, Brockerhoff et al. 2006, Didham et al. 2007). 

Despite the low numbers of establishments relative to the estimated number of 

transportation events (Leung et al. 2004), once established many of these species can 
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become very aggressive within their new ranges, and therefore these introductions can 

quickly become extremely costly in terms of economic effects and can have severe 

ecological consequences. It is estimated that the cost for control of eleven nonindigenous 

insects and diseases that pose the greatest threat in Canada is nearly $187 million 

annually (Colautti at al. 2006). Forests can be impacted by uncontrolled populations of 

introduced pests and pathogens in a variety of ways, resulting in short-term consequences 

such as defoliation and individual tree mortality, which can lead to long-term effects such 

as changes in forest composition and structure (Lovett et al. 2006). The emerald ash borer 

(Agrilus planipennis Fairmaire; syn. A. marcopoli Odenberger; EAB; Coleoptera: 

Buprestidae), a small wood boring beetle, is an ash tree (Fraxinus spp.) specialist native 

to Asia that has become a substantial concern since its introduction to North America 

approximately 20 years ago (Siegert et al. 2009). 

 

1.1 Background 

In 2002, the emerald ash borer was identified as a previously undocumented pest 

responsible for killing numerous ash trees near Detroit, Michigan, and Windsor, Ontario 

(McCullough et al. 2008). It is indigenous to north-eastern China (provinces of 

Heilongjiang, Jilin, Liaoning, Shandong, and the autonomous region of Inner Mongolia), 

Mongolia, Korea and Japan (Chinese Adademy of Science 1986, Yu 1992), and the 

Russian Far East (Duan et al. 2012). Dendrochronological analyses determined that the 

beetle likely became established in North America in the early to mid-1990s (Siegert et 

al. 2009). Ongoing estimates of the numbers of trees killed range from “several hundred 

thousand ash trees in Essex County, Ontario, and 8 to 10 million ash trees in southeastern 
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Michigan” (OMNR 2013; webpage last modified January 2010) to “tens of millions of 

ash trees in southeastern Michigan alone, with tens of millions more lost in Connecticut, 

Illinois, Indiana, Iowa, Kansas, Kentucky, Massachusetts, Maryland, Minnesota, 

Missouri, New Hampshire, New York, Ohio, Ontario, Pennsylvania, Tennessee, Quebec, 

Virginia, West Virginia, and Wisconsin” (USDA 2013). Substantial losses in standing 

ash volume have occurred since the introduction of EAB to North America (Pugh et al. 

2011). 

The larval stage of the emerald ash borer causes the majority of damage to host 

trees. Upon hatching in late spring, larval development can take either one or two years 

(univoltinism or semivoltinism respectively). Univoltine larvae bore through the bark and 

feed first on the cambial tissue and later on the xylem and phloem until forming pupal 

cells in the fall, where they overwinter as prepupal larvae; semivoltine larvae first 

overwinter within the feeding gallery, and then feed for an additional season before 

overwintering in a pupal cell (Wei et al. 2007). Larval feeding galleries disrupt the flow 

of nutrients in the tree and cause localized damage, resulting in patches of branches that 

produce underdeveloped leaves or none at all. Complete interruption of nutrient flow 

eventually kills the tree. Adult beetles bore out of the bark, creating characteristic D 

shaped exit holes that are 3 to 4.5 mm in width (Wang et al. 2010).  

In its native range, the EAB primarily infests weak or sickened individuals of 

Fraxinus chinensis rhynchophylla, F. c. chinensis (Chineses Academy of Science 1986, 

Yu 1992) and F. mandschurica (Liu et al. 2003, Wei et al. 2007). This host selection 

behaviour for unhealthy trees is similar to that demonstrated in native North American 

buprestids such as the two-lined chestnut borer (A. bilineatus Weber) (Haack and 
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Benjamin 1982, Dunn et al. 1986a, Dunn et al. 1986b, Muzika et al. 2000) and the bronze 

birch borer (A. anxius Gory) (Barter 1957). Despite this tendency, it readily infests and 

kills healthy North American ashes that have been planted in Asia (Yu 1992, Liu et al. 

2003, Baranchikov et al. 2008). It has historically infested the introduced North 

American ash species F. americana L. (1960s) and F. velutina Torr. (1989; open-grown 

park and street trees) at outbreak levels; these infestations subsided only when hosts were 

entirely locally depleted (Liu et al. 2003). F. pennsylvanica Marshall planted in China 

and Russia have been more recently identified as EAB hosts (Liu et al. 2003, 

Baranchikov et al. 2008). Between outbreaks in North American species, low levels of 

EAB have persisted in forests containing the native F. mandschurica Rupr., but have 

caused little damage (Liu et al. 2003). Historically EAB has been a significant pest 

intermittently within its native range, so knowledge on this species was limited when it 

was first detected in North America (Wang et al. 2010). 

It is generally believed that EAB larvae may be able to use as hosts all six species 

of ash trees that grow in eastern North America: green/red ash (F. pennsylvanica); white 

ash (F. americana L.); black ash (F. nigra Marshall); blue ash (F. quadrangulata 

Michx.); pumpkin ash (F. profunda Bush syn. F. tomentosa; Liu 2012); and 

Carolina/swamp ash (F. caroliniana P. Mill.), although EAB has not yet been observed in 

conjunction with swamp ash. Pumpkin ash is thought to be a hexaploid hybrid between 

white and green ashes (Miller 1955). Green/red ash is the most widely distributed of 

these species, growing in most of the eastern United States and extending northward into 

south-eastern and south-central Canada (USGS 2013). Black ash grows in the Great 

Lakes region and the St. Lawrence River watershed, extending to the east coast (USGS 
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2013). Blue ashes grow in a horseshoe-shaped range south of the Great Lakes Basin 

(USGS 2013) and occur in isolated patches in southwestern Ontario. Carolina/swamp and 

pumpkin ashes are mostly restricted to the south-eastern United States (USGS 2013). 

The range of habitats within which the six eastern North American ash species 

grow is large. Ash trees grow on dry and rocky hillsides (blue ash), upland slopes and 

ravines (white and blue ashes), along streams, lakes and floodplains (white, green/red ash 

and blue ashes) and at bog edges, alluvial flats and wet soils (black ash) (Hightshoe 

1988). Carolina/swamp ash and pumpkin ash generally grow in swamps (Harms 1990, 

Monk 1966). All species grow rapidly in recently exposed (i.e., disturbed) environments 

(Waldron 2003). Single species stands frequently arise in areas where large gaps have 

occurred (Barden 1981, Runkle 1984). White and blue ashes are tolerant to some shade 

(Hightshoe 1988, Waldron 2003) and can therefore grow under the canopy of larger trees. 

Green ashes were also observed growing in the understory in this study. 

Unlike native buprestids, and similar to its behaviour in conjunction with North 

American ashes within its native range, EAB beetles in North America infest and kill 

otherwise healthy ash trees, though there is evidence that stressed trees are more 

attractive to the beetles than are healthy trees (McCullough et al. 2009a, McCullough et 

al. 2009b, Tluczek et al. 2011). The EAB, therefore, has the potential to affect a wide 

variety of forest habitats within North America. 

Since its detection in North America, a large number of studies have been 

conducted to gain knowledge on EAB biology and physiology (Bartelt et al. 2007, Crook 

et al 2008a, Crosthwaite et al. 2011, Lelito et al. 2009, Pureswaran and Poland 2009b, 

Wang et al. 2010, Rutledge and Keena 2012, Sobek-Swant et al. 2012a); infestation 
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behaviour in its native range (Liu et al. 2003, Wei et al. 2007, Wang et al. 2010, Duan et 

al. 2012c) and in North America (Timms et al. 2006, Anulewicz et al. 2008, Rebek et al. 

2008, Smitley et al. 2008, Ryall et al. 2011); mechanisms of host detection and plant-

insect interactions (de Groot et al. 2008, Chen and Poland 2009a, Pureswaran and Poland 

2009c, Chen et al. 2011, Tluczek et al. 2011, Chen and Ulyshen 2012); dispersal 

capabilities and estimates of potential spread (MacFarlane and Meyer 2005, BenDor et al. 

2006, Muirhead at al. 2006, McCullough and Siegert 2007, Mercader et al. 2009, Prasad 

et al. 2010, Mercader et al. 2011, Sobek-Swant et al. 2012b); and factors affecting host 

survival (Knight et al. 2013, Marshall et al. 2013). Development, efficacy testing, and 

safety assessments of trapping methodology have generated significant amounts of 

research leading to enhancement of detection methodologies (Crook et al. 2008b, 

Francese et al. 2008, Crook et al. 2009, Marshall et al. 2009, McCullough et al. 2009a, 

McCullough et al. 2009b, Crook and Mastro 2010, Francese et al. 2010, Smitley et al. 

2010b , Francese et al. 2011, Grant et al. 2011, McCullough et al. 2011b, Poland et al. 

2011, Crook et al. 2012, Domingue et al. 2013). Research on systemic pesticides has 

resulted in advances in control/management programs (McCullough et al. 2005a, Petrice 

et al. 2006, Kreutzweiser et al. 2007, Tanis et al. 2007, Kreutzweiser et al. 2009, Mota-

Sanchez et al. 2009, McCullough et al. 2010, McKenzie et al. 2010, Smitley et al. 2010a, 

Smitley et al. 2010b, Grimalt et al. 2011, Kreutzweiser et al. 2011, McCullough et al. 

2011a, Tanis et al. 2012). Estimates of economic and ecological costs of control 

programs, tree mortality and tree replacements in the US and Canada have been a major 

consideration in the decision analysis of proposed options (Kovacs et al. 2010, Kovacs et 

al. 2011, McCullough and Mercader 2012, McKenney and Pedlar 2012, McKenney et al. 
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2012, Vannatta et al. 2012). Identification of EAB in association with dead North 

American ashes in western Russia in 2007 has generated considerable focus to identify 

susceptible European ash species, as well as to delineate potential infestation boundaries 

based on climatic limitations (Baranchikov et al. 2008, Crosthwaite et al. 2011). 

EAB-induced ash tree mortality has the potential to affect several components of 

forest ecosystems. Ash tree seeds, especially those from green ash, are an important food 

source for wood ducks, songbirds and small mammals, and deer frequently browse on ash 

twigs and leaves (Waldron 2003). Of 282 North American arthropod species that have 

identified associations with ash trees, forty-three (representing the subclass Acari and five 

orders of insects: Coleoptera, Diptera, Hemiptera, Hymenoptera and Lepidoptera) rely 

completely on ash species for feeding, reproduction or development; these and a further 

91 species, some of which use ash trees in association with only 1 to 2 other hosts, have a 

high-moderate to high risk of becoming endangered because of ash tree mortality caused 

by the EAB (Gandhi and Herms 2010b). Further, gap formation as a result of EAB 

infestations modifies physical microenvironments and biogeochemical cycling, impacting 

the herbaceous plant layer, which in turn can (positively or negatively) affect the 

diversity and abundance of local fauna (Gandhi and Herms 2010a and references therein, 

Koenig et al. 2013). Some such impacts to forests may be mitigated by functional overlap 

between ash trees and other species, including understory vegetation, and the overall 

effects of ash tree removal may depend on features of each stand, such as canopy density 

and hydrology (Klooster 2012). 

Widespread ash tree mortality attributed to EAB infestation is expected to have a 

significant effect on carbon storage as ash trees are removed from forests. Compensation 
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by non-ash species through increased productivity will be variable, depending on the 

initial ash tree basal area within the stand and the specific assemblage of non-ash species 

(Flower et al. 2013). An investigation into the relationship between ash tree ecosystem 

services and human health have suggested a positive correlation between ash tree 

mortality and human deaths due to cardiovascular and lower respiratory tract illness 

(Donovan et al. 2013). Costs of treating impending Canadian EAB infestations with 

insecticide have been estimated for the next 30 years, using a simple spread model and 

considering only street and backyard trees (which is highly conservative), to cost up to 

CAD $890 million (McKenney et al. 2012). Projected costs in 25 states in eastern USA 

for treatment, removal, and replacement of ash trees over 20 years is US $10.7 billion 

(Kovacs et al. 2010). 

 

1.1.1 Relative resistance to emerald ash borer among ash species 

Feeding and oviposition preference for North American ash species over Asian 

ashes (Rebek et al. 2008, Pureswaran and Poland 2009a, Duan et al. 2012c) is likely due 

to a lack of coevolution between the beetle and its new preferred host species. Significant 

differences in phloem chemistry reveal that Manchurian ashes are chemotaxonomically 

separate from the most susceptible species, green and white ash (Eyles et al. 2007). 

Although these differences in phloem chemistry are not necessarily the cause of the 

observed level of resistance in Manchurian ashes, it does provide support for the 

importance of phloem chemistry to EAB host selection. 

EAB larvae are able to complete development (Anulewicz et al. 2006), and 

beetles successfully feed (Pureswaran and Poland 2009a) on all species of northeastern 
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North America. However, a hierarchy has been detected in EAB feeding and oviposition 

preference among ash species:  green ash > white ash > black ash > blue ash (Anulewicz 

et al. 2006, Anulewicz et al. 2007, Pureswaran and Poland 2009a). Genetic differences 

may be complicated by site microclimate and temporal variability in environmental 

conditions. Similar environmental factors influence EAB infestations in Asian ash hosts 

within the native range of EAB (Liu et al. 2003). 

The conservation status of blue ash trees in Ontario (Endangered Species Act, 

2007; Schedule 4 – Species of Special Concern, as of 2012) and its limited range within 

the Carolinian forests of Southern Ontario place considerable significance on 

understanding the effects of emerald ash borer infestation on this species. Because ash 

species tend to grow in particular habitats, occurrences of more than one species growing 

naturally within the same area are uncommon. Therefore, the existence of blue ash trees 

in close proximity to EAB-infested green ashes at Point Pelee National Park (Figure 1.1) 

presented an opportunity to observe the effects of EAB on the blue ashes in the area. I 

conducted a study (Chapter 2) to determine if there were significant differences in the 

tree-level emerald ash borer infestation and tree mortality between green and blue ashes 

in a wooded site at Point Pelee NP. 

 

1.1.2 Emerald ash borer population dynamics and host use 

Emerald ash borer females tend to deposit individual eggs in bark crevices (Yu 

1992, Anulewicz et al. 2008, Wang et al. 2010) in sunny locations (Wei et al. 2007, 

Wang et al. 2010). Both these oviposition choices have been observed in other Agrilus 

species and are likely a strategy to prevent desiccation and predation, while achieving 

preferred bark temperature (Barter 1957, Loerch and Cameron 1984, Wang et al. 2010).  
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Figure 1.1. Location of Point Pelee National Park (marked with a star), Ontario. 

Map created by Wikipedia user NormanEinstein (2011) and obtained from: 

http://en.wikipedia.org/wiki/File:Pelee_Island_map.png, August 10, 2013. 

 

Although this concealed location makes reliable quantification of female fecundity 

difficult (Wang et al. 2010), direct observation of females has yielded estimates of as 

many as three matings in their lifetime (Yu 1992) and up to 23 eggs after each mating 

(Chinese Academy of Science 1986). Dissections of female EABs to determine 

maximum fecundity revealed up to 67 mature eggs and up to 140 immature eggs per 

female (Wang et al. 2010). While there is potential for significant EAB mortality through 

parasitoid activity, infection by entomopatogenic fungi, and predation (Lindell et al. 

2008, Yang et al. 2008, Duan et al. 2009, Duan et al. 2011, Abell et al. 2012, Duan et al. 

2012a, Duan et al. 2012b, Duan et al. 2012c, Johny et al. 2012a, Johny et al. 2012b,), the 

effects of these natural control measures are variable and site-dependant. EAB 
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populations fluctuate over time; however, few studies have quantified the local temporal 

variation in the number of emerging EAB beetles without destructive sampling (but see 

Anulewicz et al. 2007 and Knight et al. 2013). 

Research on host use by the EAB in North America has been largely limited to 

identifying potential host switching and detecting inter-specific ash host differences in 

North America (Anulewicz et al. 2006, Anulewicz et al. 2007, Anulewicz et al. 2008, 

Rebek et al. 2008, Lyons et al. 2009, Marshall et al. 2009, Pureswaran and Poland 

2009a), and provide little insight into changes in host use over time. Specific host 

characteristics that females may use to discriminate between hosts have been 

investigated, including light exposure, influence of host species on larval nutrient 

utilization, host spatial distribution, tree diameter, and bark roughness (Chen and Poland 

2009a, Mercader et al. 2011, Chen and Ulyshen 2012, Knight et al. 2013, Marshall et al. 

2013). Low estimates of dispersal distances suggest that EAB females tend to oviposit 

either on trees from which they emerged or on those nearby (Mercader et al. 2009). 

Considering that most trees are reinfested year after year until they die (Knight et al. 

2008), this raises the question of the relative importance of newly infested trees versus 

reinfested ones in the movement and general progression of an EAB infestation. 

The objective of Chapter 3 of this dissertation is to monitor the temporal changes 

in the population of emerging EAB adults at Point Pelee National Park from early in an 

infestation. The park provided a location within which trees were not removed and could 

be resampled each year. In addition, the study was designed to track use of ash tree hosts 

by the EAB over time, to determine the relative contribution that reinfestation of hosts 

versus colonization of new trees made to the local infestation process. 
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1.1.3 Emerald ash borer host selection 

Not all host trees are used equally for feeding or for oviposition by EAB; several 

host and stand characteristics are thought to affect selection of host trees by adult beetles. 

Visual and olfactory cues are thought to be used to select among individual host trees 

(Pureswaran and Poland 2009c). Feeding preferences tend toward mature, sun-grown 

leaves of stressed (girdled) trees (Chen and Poland 2009a), and differs among ash 

species. Some of the differences in host preference seem to be associated with differences 

in tree volatiles (Pureswaran and Poland 2009a). Female EABs are thought to 

preferentially select trees for oviposition that have rough bark (Wang et al. 2010, 

Marshall et al. 2013) and grow in the open or at the edges of woodlots (Liu et al. 2003, 

Lyons et al. 2009, McCullough et al. 2009a, McCullough et al 2009b), and on trees that 

have been stressed (McCullough et al. 2009a, Tluczek et al. 2011). Tree diameter is not 

thought to influence larval densities (Lyons et al. 2009, Marshall et al. 2013). Attraction 

to sunlit trees for feeding that has been attributed to differences in host volatiles results in 

selection of leaves with higher carbohydrate levels (Chen and Poland 2009b). The 

selection of trees exposed to sunlight for oviposition is thought to be because greater bark 

temperatures support more rapid larval development (Wang et al. 2010). Attraction to 

stressed trees is thought to be a response to increases in bark sesquiterpenes that signal 

damage or stress to the tree (Crook et al. 2008b). Such attraction may serve as a means to 

aggregate beetles of both sexes (Crook et al. 2008b), resulting in higher larval densities 

and therefore faster larval growth (Cappaert et al. 2005, Mercader et al. 2011). 

Host selection may affect the rate of spread when site conditions are 

heterogeneous (Turchin and Theony 1993, Evans and Gregoire 2007). A considerable 
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amount of effort has gone into attempting to predict dispersal capabilities, ensuing 

spread, and resulting effects of EAB infestation within the landscape, using empirical 

data as well as modelling techniques (BenDor et al. 2006, Muirhead et al. 2006, Smitley 

at al. 2008, Prasad et al. 2010, Sobek-Swant et al. 2012b). Flight mill data suggest that a 

small number of EAB beetles are capable of flying up to 20 km in a single day, with a 

median daily flight capability of approximately 3 km (Taylor et al. 2010). Most beetles, 

however, stay within 100 meters of the tree from which they emerged (Mercader et al. 

2009). While long-range (jump) dispersal contributes significantly to EAB range 

expansion through human-mediated transport (Muirhead et al. 2006, Prasad et al. 2010), 

if sufficient resources persist most beetles remain within the vicinity of their tree of 

origin. 

The previous work on local EAB dispersal has focused primarily on beetle flight 

capabilities and locations of host trees. Generally, studies have negated the effect of host 

selection on short-range EAB dispersal in the field. However, EAB dispersal patterns 

have been simulated, including factors such as patchy host arrangements that affect local 

spread (Mercader et al. 2011) and landscape modification such as road corridors and 

cities with high human population densities that contribute to jump dispersal events 

(Prasad et al. 2010). The influence of site and tree factors on ash tree survival has been 

studied by Smith (2006) and Gandhi et al. (2007), and is also currently under 

investigation by Knight et al. (2013) and Knight and Brown (2013; presented at the 98
th

 

Ecological Society of America Annual Meeting, August 2013). The objective of Chapter 

4 of this dissertation was to investigate the influence of selected host and stand 

characteristics on the levels of within-tree infestations as they change over time. 
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Variation in individual tree-level infestation allows characterization of temporal changes 

in local dispersal. 

 

1.2 Research Objectives 

 In order to develop effective control for invasive insect species, program 

developers should have knowledge on the dispersal tendencies displayed by the pest. This 

includes interactions between individuals and their hosts, such as host susceptibility and 

selection. This knowledge can then focus detailed monitoring to areas in which trees are 

more likely to be infested, or to become infested, by the target species, and subsequently 

to initiate control measures within these more sensitive areas. 

This project was initiated in order to characterize spatial and temporal changes in 

a new emerald ash borer infestation in a natural environment. Plant-insect interactions 

during an emerald ash borer infestation may be variable, and some ability to anticipate 

how tree and stand characteristics influence the way emerald ash borer beetles utilize host 

trees can enhance future control programs. My research at Point Pelee National Park 

provides empirical data on changes in the use of ash tree hosts by the emerald ash borer 

beetle from early in the infestation, and captures significant increases in beetle population 

and tree mortality. 

This study focused on four main research questions: 

1. Is there a difference in the health and mortality of blue versus green ash 

trees when both are exposed to the same population of EAB beetles? 

2. How do EAB population dynamics and use of host trees change over the 

course of an infestation? 
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3. Do tree or stand characteristics have an influence on the level of EAB 

infestation within each tree over time? 

4. Do tree or stand characteristics have an influence on local EAB dispersal? 

These questions were approached on a site-specific basis, in the quantification of 

the spatiotemporal EAB population dynamics, host ash tree use, and ash tree health 

within seven study plots at Point Pelee National Park.  
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CHAPTER 2 

Relative resistance of blue and green ash trees to emerald ash borer infestation: a 

case study at Point Pelee National Park 

 

2.0 Abstract 

The emerald ash borer (EAB) was first detected in Michigan and Ontario in 2002. The 

beetle is known to infest and kill all five ash species in north-eastern North America. 

However, susceptibility to EAB infestation varies: for example, in Michigan green ashes 

are highly susceptible to infestation, while blue ashes (a rare species in Canada) are the 

least preferred. Point Pelee National Park (PPNP) presents a unique situation in which 

unmanaged populations of blue ashes occur in very close proximity to green ashes. A 

case study was conducted at PPNP to compare the effects of the EAB on blue and green 

ash trees. All green ash trees at this site exhibited symptoms of EAB infestation when the 

study was initiated in 2008, and most were dead by 2009. In contrast, by 2010 only  

~14% of blue ash trees showed conclusive signs of EAB infestation. The dramatically 

lower infestation of blue ash trees despite proximity to infested and killed green ash trees 

indicates resistance/tolerance and/or low attractiveness of blue ashes to EAB. This has 

implications for the continued survival of blue ash populations, predictions of landscape 

changes, and the tree nursery industry. 

Key Words: emerald ash borer; Agrilus planipennis; Buprestidae; green ash; blue 

ash; Fraxinus quadrangulata; Fraxinus pennsylvanica; host resistance; comparative 

resistance; Point Pelee National Park. 
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2.1 Introduction 

The emerald ash borer (EAB) is an invasive wood boring beetle introduced to 

North America from Asia around 1990. Larval tunneling under the bark of their ash tree 

hosts has resulted in widespread tree mortality within their new range. The relative 

susceptibility of North American ash tree species to EAB infestation has undergone 

limited direct study. Although differences in larval gallery densities have been observed 

between white and green ash trees at the same site, and between white and blue ash trees 

within another site (Anulewicz et al. 2007), a no choice bio-assay did not identify 

differences in gallery densities between green, white, black, or blue ash trees (Anulewicz 

et al. 2006). More recently, assessment of a site several years after peak EAB emergence 

revealed that while most white ashes were dead, most blue ashes remained alive and 

some had recovered from EAB infestation (Tanis and McCullough 2012). Further, blue 

ash foliage was the least consumed of the North American ash foliage offered in a 

feeding assay (Pureswaran and Poland 2009a). These studies suggest that although larvae 

are able to develop on all four species equally, they are not as equally used as hosts in 

nature, and that blue ash appears to be the least preferred/most tolerant species. 

In Canada, blue ash is uncommon and highly localized within its restricted range 

in south-western Ontario; for that reason, it has been designated a species of “Special 

Concern” under COSEWIC (Committee on the Status of Endangered Wildlife in Canada) 

regulations (Government of Canada 2012) and under COSSARO (Committee on the 

Status of Species at Risk in Ontario) regulations (Ontario Ministry of Natural Resources 

2012). Because of the rarity of this species in Canada, its conservation is of concern, 

especially within areas managed by Parks Canada where they have a mandate to protect 
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rare and endangered species. It is therefore important to provide further support to 

identify relative resistance or tolerance between ash tree species to the emerald ash borer 

beetle. 

In this study, EAB infestations in blue and green ash trees at Point Pelee National 

Park were compared in a site where both ash species occur naturally in very close 

proximity. In 2008, EAB-infested green ash trees were observed while adjacent blue 

ashes appeared to be unaffected. This case study was initiated to quantify the temporal 

differences in EAB infestation between blue ash and green ash trees. 

 

2.2 Methods 

2.2.1 Study area and plot establishment 

Point Pelee National Park (PPNP) is located in Essex County, Ontario, on a 

narrow peninsula that extends 20 km from the northern shore into Lake Erie. In 2007, the 

first two green ash trees known to have been infested and killed by larval EAB were 

located at Northwest Beach on the west side of the park. An informal survey later that 

summer documented many other green ash trees along the beaches that were infested but 

not yet killed by the beetles (G.W. Otis, unpublished data). In contrast, by summer 2008 

when this study was initiated, most of the green ash trees along the beach on the west side 

of the park were in poor health and had obvious signs of EAB infestation: reduced 

crowns (including patches without leaves, thinning of the canopy, and/or reduction in leaf 

size); epicormic shoots; and distinctive D-shaped EAB exit holes. Many trees were dead 

as a result of EAB damage. Of the four ash species that occur at PPNP, only green ashes 

grow near blue ashes. White ash (F. americana) and black ash (F. nigra) occur in the 
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park but not close to populations of blue ashes, and consequently they were not included 

in this study. 

Because Point Pelee is a national park, dead and dying trees are removed only 

when public safety is a concern. This enabled study of the natural progression of an EAB 

infestation, and the beetles’ relative impacts on blue and green ash trees with little human 

influence. 

A plot measuring approximately 70 m X 80 m was established at the Northwest 

Beach picnic area (UTM 17N / 372755E / 4647588N) in September 2008 (Figure 2.1). 

All non-ash trees except understory stems and all ash boles ≥2.5 cm DBH, the minimum 

size that EAB is known to infest, were labelled with numbered tags and mapped with 

accuracy of approximately 1 meter using a backpack Global Positioning System (Garmin 

GPS 76S and Garmin GBR 21 Differential Beacon Receiver with External Antenna). In 

total 31 green ash stems and 65 blue ash stems were included in the study. Some blue 

ashes were growing less than 3 meters from green ashes (Figure 2.2). 

 

2.2.2 Host size and spatial arrangement 

Measures of absolute and relative host sizes were recorded for each tree within 

the plot. The DBH (diameter at breast height, i.e., 1.37 m above the ground) of each tree 

was measured with diameter tape. “Crown class" is a relative measure of the height of 

each crown within the canopy. Crown class categories were assigned following EMAN 

(Ecological Monitoring and Assessment Network) Terrestrial Vegetation Biodiversity 

Monitoring Protocols (Roberts-Pichette and Gillespie 1999), where 1 = dominant; 2 = co-

dominant; 3 = intermediate; 4 = suppressed; and 5 = open growing. For analyses, these  
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Figure 2.1. Locations of seven emerald ash borer monitoring plots (red rectangles). 

The Blue Ash Case Study Plot measured ~70m x 80m, and the six main study plots 

measured 30m x 80m each. All are located on the west side of Point Pelee National 

Park, Ontario. 
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numbers were modified to reflect the biological relevance of canopy position to EAB 

infestation; because beetles have been observed to prefer to infest edge and open grown 

trees (Liu et al. 2003, Lyons et al. 2009, McCullough et al. 2009a, McCullough et al 

2009b), open grown trees were assigned a number ‘1’, dominant trees were assigned a 

number ‘2’, co-dominant a number ‘3’, intermediate a number ‘4’, and supressed trees 

were assigned a number ‘5’. 

 
Figure 2.2. Locations of green and blue ash trees monitored during the study and 

percent of foliage remaining on each stem (as compared to a healthy tree) in 2008. 

(N=31 green ash, N=65 blue ash). 
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2.2.3 Crown health as a measure of overall tree health 

Crown health was assessed in early September 2008 and again in late June 2010 

as the percentage of foliage remaining when compared to the extent of the crown if each 

tree was in perfect health. This was determined through the assessment and subsequent 

agreement of two independent observers. Crown health was assessed separately for each 

stem of trees that had more than one stem originating from below breast height. EAB exit 

holes, when present, provided confirmation of infestation. Bark cracks and associated 

galleries were suggestive of the presence of EAB in trees in which crown health appeared 

compromised, but were not definitive if trees lacked exit holes. Because Point Pelee is a 

National Park, it was not permitted to cut down trees to assess infestations nor could bark 

be stripped from endangered blue ash trees, so determination of the relative intensity of 

infestation in terms of tree health and exit hole densities (below) was limited to external 

symptoms displayed by the trees.  

 

2.2.4 EAB exit hole densities as a measure of EAB infestation level 

All EAB exit holes on the main bole and larger branches were counted to a height 

of 1.8 m. While there is evidence that EAB infestation in mature trees often begins in the 

upper branches, this has been found to occur primarily in trees of relatively large 

diameter. This was demonstrated in a study designed to determine suitable sampling 

methods for visually asymptomatic trees. Ryall et al. (2011) examined branches from 

trees with mean trunk diameters ranging from 24.2 ± 1.0 cm to 33.6 ± 0.7 cm. Upper 

branch sampling did not yield reliable indications of emerald ash borer infestation in 

asymptomatic trees until branches reached approximately 6 cm in diameter at their base. 
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Only four trees in the study at Point Pelee had diameters which fell within a range 

comparable with those studied by Ryall et al. and may have had branches that approached 

the size considered suitable for sampling. Mean trunk diameters within the current study 

were considerably smaller than those in the branch sampling study (see Figure 2.3). Exit 

holes on trees with a smaller diameter (~ 7 cm DBH) are concentrated on the lower 

section of the bole; generally below 1.8 m (Wei et al. 2007, Wang et al. 2010). Because 

of the smaller sizes of most of the PPNP trees and for researcher safety, ground surveys 

that provided adequate information for the purposes of the study were conducted.  

Based on the colour of the interior of each hole and the crispness of the hole 

margin, exit holes could be divided into three distinct age classes in the first year of the 

study (i.e., 2008). Holes that were made by beetles that emerged in the current year had a 

light yellow to orange interior with crisp edges. Older holes appeared weathered and were 

grey on the interior. These holes could be further divided into two subgroups that differed 

in edge wear, degree of chipping, and overgrowth by lichens, and represented beetles that 

had emerged in either the preceding year or 2 years earlier. Aging the holes in this way 

allowed me to estimate beetle emergence for two years prior to the start of fieldwork. 

Because each hole was marked as it was counted (see below), the accuracy of this aging 

methodology was confirmed for all holes in the second year of the study (2009). 

Additionally, in a related study performed within the park under the same conditions as 

the case study plot, the same exit holes were viewed several times throughout the period 

of emergence in a single year and the appearance of the holes did not change appreciably 

during this time. It is presumed that the exposure of exit holes to wind, rain and snow due 
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to the relatively unprotected locations of the trees adjacent to Lake Erie, causes the holes 

to change in appearance over time. 

EAB emergence holes were counted in September 2008, June 2010, and October 

2010. Each exit hole was marked with a small dot of acrylic paint to ensure it was 

counted only once. No formal assessments were conducted in 2009, but because exit hole 

data were collected in early June of 2010, before the emergence of adult beetles for that 

year at PPNP, it was possible to quantify the numbers of EAB that had emerged in 2009. 

Due to the cooling effect of Lake Erie, many phenological processes such as timing of 

leaf-out are delayed several weeks relative to adjacent inland areas. This appears to affect 

EAB emergence, which does not occur at Point Pelee until July. Therefore, data on EAB 

emergence were collected for every year from 2006 through 2010. In 2008, there were 

two green ash trees in which no EAB exit holes occurred below 1.8 m although a few 

holes were visible above this height; for analyses, although EAB was confirmed to exist 

in these trees, they were considered to have zero exit holes. New exit holes could not be 

determined in 2010 for two stems that had fallen in a storm and were subsequently 

removed by park staff. 

In order to standardize comparisons between trees of different sizes, exit hole 

densities, rather than counts, were used in comparison analyses. The density of exit holes 

(holes/m²) on each tree was estimated using the DBH of individual stems to calculate the 

approximate surface area of the lower 1.8 m section of the tree (surface area in m
2
 

calculated as DBH in m x π x 1.8 m height). 
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2.3 Statistical analyses 

All analyses were conducted using SAS statistical software (SAS 9.2, SAS 

Institute Inc.).  

Tree diameter and crown class comparisons were made using unpaired t tests. 

Crown health data (percentages) were first transformed by taking the arcsin of the square 

root of the values. However, even after transformation, residual plots revealed that the 

errors were non-randomly distributed. Therefore, nonparametric Wilcoxon-Mann-

Whitney tests were performed using PROC NPAR1WAY in order to determine if there 

was a difference in crown health between species within each of the two years that crown 

health was assessed (2008 and 2010). Wilcoxon signed rank sum tests were performed 

using PROC UNIVARIATE to determine if there was a difference in crown health within 

species between consecutive years from 2008 to 2010. 

Residual plots and Shapiro-Wilks tests revealed that exit hole density data also 

had non-random errors and were not normally distributed. Differences in exit hole 

densities between the two species within each year (2006 to 2010) were determined using 

the Wilcoxon-Mann-Whitney test using the NPAR1WAY procedure, and Wilcoxon 

signed rank sum tests were conducted using the UNIVARIATE procedure to determine 

differences in exit hole densities within each species between consecutive years, also 

from 2006 to 2010. 

All means are reported with accompanying standard errors. 
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2.4 Results 

2.4.1 Host size 

The mean stem diameter of green ash trees was 14.1 ± 1.5 cm (N=31); blue ashes 

were significantly smaller (P<.0001) with a mean DBH of 5.6 ± 0.6 cm (N=65) (Figure 

2.3). However, many of the blue ashes that grew in the open (western) portion of the plot 

alongside green ashes (Figure 2.2) were similar in size to the nearby green ash trees. The 

mean crown class value of green ashes was 1.3 ± 0.1, which was significantly lower 

(P=<.0001) than that of blue ashes at 4.1 ± 0.2 (Figure 2.4).  

 

 
Figure 2.3. Distribution of DBH (diameter at breast height) of green and blue ash 

trees within the study plot. Green ashes had significantly larger DBH than blue 

ashes (P<.0001).  

 

 

2.4.2 Crown health 

In 2008, green ash crown health had lost more than 60% of their foliage, whereas 

blue ash crowns remained nearly entirely intact (Figure 2.2). The difference in crown 

health between blue and green ashes in 2008 was significant (Figure 2.5 and Table 2.1).  
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Figure 2.4. Distribution of crown class values (relative position of the crown within 

the canopy) of green and blue ash trees within the study plot. Green ashes had 

significantly smaller crown class values than did blue ashes (P=<.0001). 

 

 

 

 

 
Figure 2.5. Mean crown health values (percentage of crown remaining relative to a 

completely healthy tree) ± SE for green and blue ash trees in Point Pelee National 

Park in 2008 and 2010. 
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More than a third (38.8%) of the green ashes were dead, whereas there was no blue ash 

mortality. Only three green ashes (9.7%) had 90% or more of their foliage intact. In 

comparison, all but six blue ashes (90.9 %) had 90% or more remaining. Four dead green 

ash trees from which at least 184 EAB had emerged (i.e., total EAB exit holes) were 

within 5 m of six healthy blue ashes that exhibited no loss of foliage or evidence of EAB 

infestation (Figure 2.2). 

 

Table 2.1. Statistics for differences in annual exit hole densities and crown health 

between blue ashes (N=65) and green ashes (N=31 (2006-2009); in 2010 N=28 for 

crown health and N=29 for exit hole densities) at Point Pelee National Park from 

2006 to 2010 (Wilcoxon-Mann-Whitney test). See Figures 2.5 and 2.7 for summaries 

of mean annual exit hole densities and crown health values ± SE for each species. 
Year Z P value 

Exit hole densities   

2006 6.0428 <.0001 

2007 8.0348 <.0001 

2008 8.8768 <.0001 

2009 6.2707 <.0001 

2010 2.1226 0.0338 

Crown health   

2008 -8.4363 <.0001 

2010 -8.2020 <.0001  

 

 

Despite significant declines in crown health from 2008 to 2010 in both green and 

blue ash trees (Table 2.2), blue ashes remained healthier than green ashes in 2010 

(Figures 2.5 and 2.6). The mean foliage remaining on blue ash trees in 2010 had declined 

by only 6.5% relative to 2008, whereas green ash crown health declined by a further 

36%. By 2010, two blue ashes that were infested with EAB were dead, however the 

crowns of the rest of the blue ashes were largely intact, and the amount of foliage 

remaining on live trees ranged from 70 to 100%. Moreover, ~82% of blue ash crowns 

still had 90-100% of their foliage intact. In comparison, green ash health had declined 

drastically, with only one of two surviving green ash trees retaining 70% of its foliage. 
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Twenty-six dead green ash trees (93%; N=28) contrasted strongly with only two dead 

blue ashes (3%). A brief census in August 2011 revealed that the last two green ash stems 

that remained alive in 2010 had died. The spatial arrangement and contrasting crown 

health of the two species in 2010 is depicted in Figure 2.6; the proximity of healthy blue 

ash trees to dead green ashes is clearly demonstrated. 

 

Table 2.2. Statistics for differences within species in annual exit hole densities and 

crown health between consecutive years in blue ashes (N=65) and green ashes (N=31 

(2006-2009); in 2010 N=28 for crown health and N=29 for exit hole densities) at 

Point Pelee National Park from 2006 to 2010 (Wilcoxon signed rank sum test). See 

Figures 2.5 and 2.7 for a summaries of mean annual exit hole densities and crown 

health values ± SE for each species. 

Annual Comparisons 
P value 

Green ash (N=31*) Blue ash (N=65) 

Exit hole densities   

2006 and 2007 <0.0001 - 

2007 and 2008 <0.0001 - 

2008 and 2009 0.0033 0.5 

2009 and 2010 0.0414 0.0391 

Crown health   

2008 and 2010 <0.0001 <0.0001 

 

 

2.4.3 Quantification of EAB exit holes 

There were significant differences in EAB exit hole densities between species in 

each year of the study period (Table 2.1). In comparisons within each species over time, 

exit hole densities in green ashes changed significantly from one year to the next over the 

study period (Table 2.2). Densities increased from a mean of 3.7 ± 1.8 holes/m
2
 on 14 

stems (45% of all green ash stems) in 2006 to a mean of 18.4 ± 8.2 holes/m
2
 in 2007 and 

to 44.9 ± 7.5 holes/m
2
 2008, when 28 of the 31 stems were infested (90% of stems) 

(Figure 2.7). Exit hole density then decreased in 2009 and 2010. Conversely, blue ash 

trees did not have any exit holes created by emerging EABs until 2009, when a total of 

four holes were observed on three stems (less than 5% of all blue ash stems). Exit hole 
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densities were so low that year that there was no significant difference between zero 

holes in 2008 and the density in 2009 (Table 2.2). There was a small increase in the 

number of exit holes on blue ashes from 2009 to 2010 (Table 2.2; Figure 2.7), on nine 

stems (less than 14% of stems). 

 
Figure 2.6. Locations of green and blue ash trees monitored during the study and 

percent of foliage remaining on each stem (as compared to a healthy tree) in 2010. 

(N=31 green ash, N=65 blue ash). 
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Figure 2.7. Mean exit hole densities ± SE observed on green and blue ash trees at 

Point Pelee National Park. Exit holes were observed annually from 2008 to 2011; 

older holes (from beetles emerging in 2006 and 2007) were observed in 2008 (see text 

for description of methods). 

 

2.5 Discussion 

This study documented substantial differences in EAB infestation in terms of exit 

hole density and crown health between blue ash and green ash trees at Point Pelee 

National Park. There was no evidence of EAB infestation of blue ashes during the first 

few years of this study despite the rapidly growing beetle population in surrounding 

green ash trees. In contrast, green ashes became highly infested and all were eventually 

killed. Only after the EAB population had peaked at the study site in 2008, the health of 

the green ash trees had substantially declined (i.e., more than one third of green ashes 

were dead and most remaining trees had greatly reduced foliage), and all but three green 

ashes had EAB exit holes did EAB begin to infest blue ashes. 

In striking contrast to the green ashes studied, most of which were dead by 2010, 

most blue ashes (more than 80%) remained externally healthy throughout the study. It 
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was confirmed that two blue ash trees that died were infested by EAB and the condition 

of those trees suggested that they were killed by the beetles. As of 2010, epicormic shoots 

occurred on eleven of the 65 living blue ash stems (17%), suggesting they too may have 

been infested with EAB larvae. The crowns of four of these trees still showed no signs of 

reduced health in 2010, and the other seven blue ashes with shoots remained relatively 

healthy. 

While the sizes or the growing locations of individual trees may have affected the 

observed contrast in exit hole density, crown health, and mortality between green and 

blue ashes, these differences cannot be entirely explained by either variable alone. There 

was a significant difference in DBH between the two species, however DBH does not 

appear to directly influence EAB landing densities (Lyons et al. 2009) or the likelihood 

of tree mortality due to EAB infestation (Tanis and McCullough 2012, Marshall et al. 

2013). In the current study, there were several instances where a green ash and a blue ash 

of the similar size grew only 2-3 meters apart (and had the same crown class values), and 

while the green ashes were dying due to heavy EAB infestation, the blue ashes were 

completely healthy (refer to Figure 2.6). Green ashes of all sizes above 2.5 cm DBH were 

killed in this and a related study, therefore variation in DBH does not appear to be a 

major factor in ash tree survival at Point Pelee. Further, while there was a difference in 

the crown classes between the two species (see Figure 2.4), blue ashes were represented 

in most of the locations in which green ashes grew (however no blue ashes grew in the 

areas nearest to the beach, west of the Northwest Beach parking lot; see Figure 2.2). 

Crown class is thought to have an influence on EAB infestation (see discussion and 

references below), however the difference in mean crown class between the two species 



33 
 

was unlikely to cause such a great disparity in EAB infestation and resulting ash tree 

mortality.  

Tree location, i.e. edge or open-growing vs. interior or understory trees, may be 

an important factor that influences whether a tree is detected by a female EAB (Liu et al. 

2003, Lyons et al. 2009, McCullough et al. 2009a, McCullough et al 2009b; but see Tanis 

and McCullough 2012). In this case study, many of the trees that were killed were open 

growing or were near the forest edge. However, there remained a distinct between-

species difference in exit hole densities and in tree health in trees growing in the same 

vicinity. While many of the blue ashes in this study grew beneath the canopy, there were 

also many healthy blue ashes growing in the open alongside dead green ashes. Further, 

one of the two blue ash trees that were killed by the EAB was in the densest portion of 

the plot, demonstrating that the many other healthy blue ashes under the canopy were not 

prevented from being infested by location alone. They were exposed to EAB at least 

twice, when the two trees that were killed were first infested and when adult beetles 

subsequently emerged, however the blue ashes around them remained uninfested. This 

result is in agreement with the conclusions reached by Tanis and McCullough (2012) that 

tree location did not have any consequence on survival of white or blue ashes. 

Blue ash trees have been demonstrated in several studies to be less preferred 

compared to other ash species for EAB development and feeding. Significantly less blue 

ash foliage is consumed when compared to green, black and white ash leaves 

(Pureswaran and Poland 2009a). Blue ash trees have been observed to have fewer EAB 

exit and woodpecker holes, and display significantly less crown dieback and mortality 

than white ashes growing at the same site (Anulweicz et al. 2007). Blue ashes have 
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recovered from EAB infestation and remained healthy several years following 

infestations in which most white ashes were killed (Tanis and McCullough 2012). While 

there seems to be a difference in susceptibility between green and white ashes (Anulwicz 

et al. 2007), they are both generally regarded to be highly suitable hosts for EAB. The 

similarity between the results of the studies by Anulewicz et al. (2007), Tanis and 

McCullough (2012), and my study provides support to my conclusion that there is some 

ability for blue ashes to withstand EAB infestation. Though some exit holes were 

observed on blue ash trees in the last two years of my study, the decrease in the number 

of adult EABs emerging from the study trees indicates a declining beetle population. 

Considering the apparent ability of blue ash trees to withstand some level of EAB 

infestation, it seems unlikely that trees would subsequently succumb to the low beetle 

population observed in 2010 without an input of immigrant beetles. While the decrease in 

beetle emergence was likely related to declining health/increasing mortality of green ash 

trees and the corresponding lack of their host tissue for development, the low infestations 

of blue ashes during this time provides evidence that EAB were not able to utilize blue 

ashes as hosts as  to the same extent that they had green ashes. 

In addition to my study at Point Pelee and one in south-eastern Michigan 

(Anulewicz et. al. 2007), blue ashes planted in Windsor, Ontario, have also been only 

mildly affected by emerald ash borer beetles. In annual surveys (2003-2008) of blue ash 

trees planted along city streets in Windsor, only 5 of 55 trees (9%) exhibited EAB exit 

holes; in comparison, >90% of green and white ash trees near those blue ash trees became 

heavily infested by EAB and died (G. Otis and J. McCarter, unpublished data). At the 

Stone Road Alvar on Pelee Island, a site characterized by shallow soils overlying 
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limestone pavement, blue ashes have either remained uninfested or have recovered from 

minor EAB infestation while almost all of the nearby green ash trees have recently been 

killed by the EAB (G.W. Otis and L.A. Sider, pers. observations, 2010; J. Ambrose, pers. 

comm.
1
). Collectively, these studies demonstrate that blue ashes are much more 

resistant/tolerant to EAB infestation than are sympatric North American ash species that 

have been studied. The populations of blue ashes mentioned above occur in all of the 

habitats blue ashes are known to inhabit: sandy beach dunes overlying limestone (Point 

Pelee), moist poorly drained bottomland forests (south-east Michigan), shallow soils 

overlying limestone (Pelee Island), and urban streets (Windsor).  

This study, representing five consecutive years of data on EAB emergence and 

two temporal “snapshots” of tree health, is the first to document such an extreme 

difference in intensity and timing of EAB infestation between different host tree species 

during the active infestation. Only three green ash stems at the site (two within the study 

plot and one ~30 m to the north) had died as a result of being infested by the EAB by 

2007, indicating that the EAB infestation was in its early stages. From what is known 

about the development of EAB infestations, it usually takes 1-3 years from initial 

colonization of an ash tree to its death (Poland and McCullough 2006, Wang et al. 2010). 

Given that these first few trees died in 2007, one can infer that the first adult EAB should 

have emerged from those trees between 2004 and 2006. In contrast, the first EAB exit 

holes in blue ashes were documented in 2009, a difference of 3-5 years between the 

initial infestations of green and blue ashes. There was no evidence that any blue ashes 

became infested until other resources (green ash trees attractive to gravid female beetles) 

became limiting in 2008. 

                                                           
1
 Dr. John D. Ambrose; Guelph / Swallow Haven Farm, Pelee Island, Ontario; cercis@sentex.ca 
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The potential of a high level of resistance in blue ash trees to the emerald ash 

borer beetle as suggested in the results of this study has several implications for blue ash 

populations and forest communities in the future. Though the range of blue ash is 

restricted in Canada to extreme south-western Ontario, its conservation status in Canada 

may not change as a result of EAB infestation. In the United States, the core range of 

blue ash occurs in Missouri, Illinois, Indiana, Ohio, Kentucky and Tennessee (USGS 

2006). The range of the EAB had expanded to include all of these states by 2011 (USDA-

APHIS 2011), and the range of the beetles within each state generally coincides with that 

of blue ash trees. In these areas, blue ash trees may be able to withstand EAB infestation 

and replace green ashes killed by the EAB, making blue ash the more common ash 

species in natural forested areas as other ash species succumb to EAB infestations. In 

urban settings, blue ash trees could be considered as a substitute for green ashes planted 

along streets and in parks. Blue ashes share many similar characteristics with green ashes 

which make them desirable for municipal plantings, such as tolerance to drought and 

salinity. In addition they may also be less likely to suffer branch breakage due to wind in 

frozen conditions than are green ashes (Hightshoe 1988), making it a more suitable urban 

species than green ash in northern parts of its range. Furthermore, it is possible that blue 

ash may become the more common ash species in natural forested areas as other ash 

species succumb to EAB infestations.  
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CHAPTER 3 

Temporal dynamics of an early emerald ash borer infestation: beetle 

emergence and host use 

 

3.0 Abstract  

This study investigates temporal changes in an emerald ash borer population and its use 

of ash tree hosts in Point Pelee National Park, Canada. The number of emerging beetles 

within the study plots increased from the initial infestation in 2006 to a maximum in 2009 

before declining to low levels in 2011. Ash tree use by the EAB indicates that 

reinfestation of previously infested trees is an important component of the active 

infestation and may contribute to the low rate of EAB range expansion. Despite annual 

crown decline and a mean tree mortality rate of 13% per year over the course of the 

study, over half of the available ash stems were uninfested when the EAB population 

began to decline. At the conclusion of the study, 29% of the trees remained healthy and 

showed no sign of EAB infestation. This pattern is atypical from what has been observed 

in other studied EAB infestations; the data suggest that beetles rejected many of the 

remaining ash trees within the study plots and dispersed elsewhere in search of suitable 

hosts.  

Keywords: emerald ash borer; Agrilus planipennis; Buprestidae; population 

dynamics; host use; Fraxinus; ash trees; Point Pelee National Park.  
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3.1 Introduction 

The emerald ash borer (EAB) beetle has caused extensive ash tree mortality in the 

United States and Canada since its introduction to North America in the early to mid-

1990s (Siegert et al. 2007). EAB infests to some degree all North American ash tree 

(Fraxinus) species it has encountered within its current range, and most trees are killed 

within three years (Poland and McCullough 2006, Wang et al. 2010). Widespread ash 

tree mortality has had a large economic cost as the invasion has continued to grow. Ash 

wood is used extensively by manufacturing industries and has become less widely 

available. The costs of removal and replacement of a 5-year old tree (4 cm DBH) is 

estimated to be $940 per tree (McKenney et al. 2012). Significant ecological 

repercussions result from the loss of ecosystem services provided by ash trees, both in 

urban areas where ashes have been abundantly planted and in forests and successional 

habitats (MacFarlane and Meyer 2005). EAB-induced ash tree mortality has the potential 

to deplete standing carbon stocks in the temperate forests of North America, releasing 

stored carbon and resulting in an increase in atmospheric CO2 levels (Flower et al. 2013). 

Net primary productivity is predicted to decline by up to one third in infested stands, and 

forest composition and succession may change dramatically due to compensatory growth 

by non-ash species released from competition for resources (Gandhi and Herms 2010a, 

Flower et al. 2013). Accelerated rates of canopy gap formation in EAB-infested stands 

also alters microclimatic conditions, altering light, moisture, and temperature regimes, 

which can impact the composition and dynamics of forest biota (Gandhi and Herms 

2010a, 2010b). 



39 
 

Few studies have documented the temporal development of an EAB infestation in 

a natural environment. Investigations conducted in urban landscapes have experienced 

data loss when infested trees were removed to reduce the spread of the beetle (e.g. 

Anulewicz et al. 2007). Studies that sample destructively to obtain accurate EAB larval 

counts (i.e. cutting and de-barking trees; Anulewicz et al. 2008, Smitley et al. 2008, 

Mercader et al. 2009, Marshall et al. 2011) are limited in the information they can offer. 

While they provide precise larval counts, the removal of trees and/or larvae from the 

study alters beetle population dynamics and prevents accurate quantification of 

subsequent changes in the population. Studies in which trees are allowed to remain intact 

frequently consist of highly controlled manipulative experiments on trees of uniform size, 

and therefore have little resemblance to natural forests (e.g. Rebek et al. 2008). There is 

evidence that EAB may infest urban and plantation trees to a greater degree than trees 

growing in natural forests (Liu et al. 2003), so observations on trees growing in 

anthropogenic habitats may not reflect the progression of infestations in unmanaged 

areas. The first part of this study was designed to capture EAB population dynamics in a 

natural, unaltered setting with trees of varying sizes, such as would be encountered in 

many woodlots. 

There has been little exploration into local patterns of ash tree infestation by the 

EAB. Males actively search for mates within the canopy (Lance et al. 2007, Lelito et al. 

2007) and around ash trunks (Rodriguez-Saona et al. 2007), suggesting that under typical 

conditions females may not need to search for mates. One possible consequence of this 

mating strategy is that female EABs may frequently oviposit on the trees from which they 

emerge, especially if the tree is still in good health. However, most EAB studies do not 
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detail the infestation status of each host tree. A study by Timms et al (2006) of the 

within-tree distribution of EAB larvae in a plantation of green ash trees revealed that 

reinfestation causes increased larval density over time. Reinfestation can therefore have 

substantial effects on the health of individual trees through cumulative annual damage. In 

addition, it reduces the rate of local dispersal because beetles that reinfest trees are not 

dispersing to healthy trees. Gaining the ability to anticipate when new trees may become 

infested can aid detection and control programs. The second part of this study was 

designed to determine how ash tree use by the EAB changed in a natural habitat over 

several years. 

Point Pelee National Park (PPNP or Point Pelee) was identified in 2007 as being 

in the early stages of EAB infestation (G.W. Otis, unpublished data). One of Parks 

Canada’s goals is to preserve natural habitats, and in doing so they avoid tree removal 

except when there is a danger to the public along roads and trails. Seven types of 

woodland and forest communities as identified in the Ecological Land Classification 

(ELC) of Southern Ontario (Lee et al. 2008) make up 241 ha (16.3%) of the park 

(Dougan and Associates 2007). There is a small ash component in all of these 

communities, and a large component in many areas (pers obs.). Point Pelee therefore 

presented an ideal opportunity to monitor temporal changes in a natural EAB infestation. 

In this study, all trees remained intact and were examined for beetle exit holes and 

crown health for four study years (2008 to 2011). A non-destructive methodology was 

developed because it was recognized that during the course of the North American 

emerald ash borer invasion, many trees will need to be assessed for EAB infestation 

while still alive, from the ground and without bark or tree removal. This study therefore 
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represents a realistic survey process that may occur in other parks, private lands and 

heavily forested areas where felling trees is not an option and climbing trees is 

impractical. By allowing trees to remain undisturbed, host usage, as determined by 

quantifying successful EAB adult emergence, could be monitored at Point Pelee over 

several years. Though this study could not track individual beetles, it did quantify the 

progression of the infestation in individual trees, both those that were newly infested and 

those that had been colonized in previous years. 

3.2 Methods 

3.2.1 Study area and plot establishment 

Point Pelee National Park is located in Essex County, Ontario, on a narrow 

peninsula that extends 20 km south into Lake Erie from the northern shore of the lake 

(See Figure 1.1, Chapter 1). Initiating this study in 2008 during the early stages of 

infestation enabled the progression of the EAB population to be fully documented. 

Because Point Pelee is a national park and because it was desired that all trees remained 

intact for the duration of the study, measurement of EAB population changes were 

limited to using adult EAB emergence (exit holes, an indicator of successful 

development). Tree health was assessed by evaluating the crown of each t tree.  

Six plots were established on the west side of Point Pelee, in June and July 2008 

(See Figure 2.1, Chapter 2). The west side of the point was selected and because of the 

presence of many ash trees along the west beach and modest number of EAB-infested 

trees, as determined with an informal survey in 2007 (Otis, pers. comm.). The east side of 

the point was not selected because there were fewer ash trees restricted to a narrow band 
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at the edge of the upper beach and adjacent forest. Study plots were oriented such that 

they extended from the beach into the forest in order to detect temporal changes in 

infestation of beetles along the open beach zone and into the forest. All plots measured 30 

by 80 metres. The long axis of each plot extended from the western-most limit of tree 

occurrence on the beach into the adjacent forest at a compass heading of 78º, which was 

perpendicular to the shoreline (168º) in the northernmost plot; all plots were placed at this 

same angle. Each plot covered 2400 m
2
, and collectively represented 1.44 ha of the 337 

ha of terrestrial habitat (including unforested areas) in the park (Dougan & Associates 

2007). 

Green ash trees are the only ash species that grow near the beach in the southern 

portion of the park where the study plots were located. Trees were sparser near the beach 

in each of the plots (to the west) than compared to the denser, closed-canopy forest to the 

east. The study plots were located within historic beaches and forested dunes. The extent 

of variation in elevation declined from north to south within the plots. The most northerly 

plot (#1) varied from ~2 m above lake level in the west to  ~15 m at the eastern edge. The 

highest point along an old beach ridge in Plots 2 and 3 was less than 10 m above lake 

level. The southernmost plots (#4-6) were nearly flat. 

All canopy-forming and sub-canopy trees were identified to species and labelled 

with numbered tags according to protocols outlined in EMAN (Ecological Monitoring 

and Assessment Network) Terrestrial Vegetation Biodiversity Monitoring Protocols 

(Roberts-Pichette and Gillespie 1999). Supressed (i.e., understory) non-ash trees were not 

included in the study, however understory ashes were included if they were above 2.5 cm 

DBH. The species that made the largest contribution to the canopy and sub-canopy trees 
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in each of the six plots are listed in Table 3.1. Ash trees were among the top three 

contributing species in all plots. All study trees were mapped with accuracy of 

approximately 1 meter using a backpack Global Positioning System (Garmin GPS 76S 

and Garmin GBR 21 Differential Beacon Receiver with External Antenna). All ash trees 

were assessed for crown health and EAB exit holes. There were a total of 620 green ash 

trees in the six plots.  

Table 3.1. Percentages of most abundant tree species within each plot. 

 

Plot Species 
Percent within canopy 

and sub-canopy 

1 Fraxinus pensylvannica 

Quercus rubra 

Prunus spp. 

17.4 

16.8 

12.0 

2 Fraxinus pensylvannica 

Cornus spp. 

Prunus spp. 

41.1 

15.9 

10.2 

3 Fraxinus pensylvannica 

Quercus rubra 

Cornus spp. 

27.9 

16.1 

14.4 

4 Prunus spp. 

Cornus spp. 

Fraxinus pensylvannica 

18.1 

15.9 

14.9 

5 Juniperus virginiana 

Ptelia trifoliata 

Fraxinus pensylvannica 

30.7 

24.2 

13.1 

6 Fraxinus pensylvannica 

Juniperus virginiana 

Ptelia trifoliata 

35.1 

22.1 

11.5 

 

 

3.2.2 EAB exit holes: a measure of adult emergence and host use 

The adult EAB population was estimated by counting the number of new exit 

holes observed annually from 2008 to 2011. In the first year of the study, it was evident 

that a small EAB population had existed in the area for at least two years (2006 and 

2007). Because the year in which each exit hole was formed could be estimated (see 

below), emergence data were collected for an additional two years prior to the start of 
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fieldwork. The EAB population size was estimated through the exit hole density over all 

trees, whereas the assessment of infestation within each tree addressed how many trees 

were being used as hosts each year, regardless of the number of emerging beetles.  

Exit holes are a direct measure of the number of adult beetles that successfully 

emerge and contribute to each subsequent generation. Counting exit holes overlooks 

larvae that failed to complete development. While larvae that died in later developmental 

stages may have harmed the trees, changes in the size of the adult beetle population and 

external measures of tree health considered here are of more direct concern to foresters, 

homeowners, city park managers, and arborists than are the actual numbers of larvae 

under the bark. Because no beetles were captured or removed during this study, the full 

population of adults were allowed to reproduce each year and changes in the adult 

population occurred without interference from human activities. 

In its native range in Asia, larvae in geographically separate EAB populations 

develop into adults in either one year (univoltine development) or two years (semivoltine 

development), with a transitional zone in which both developmental strategies are 

observed; developmental rate is correlated with the number of frost-free days each year 

(Wei et al. 2007). In beetles developing within North American ash congeners growing in 

the United States and Canada, however, uni- and semivoltinism have been found to be 

correlated with larval densities within each tree (Tluczek et al. 2009); as larval densities 

increase, the proportion of EAB larvae that require two years to develop into adults 

decreases. The nature of my study did not permit the use of destructive sampling methods 

required to determine larval densities under the bark in order to identify development 

strategies. Without the ability to assess the proportions of univoltine versus semivoltine 
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development, but recognizing that virtually all trees in Point Pelee quickly developed 

larval densities supportive of univoltine development, it was assumed that the entire 

population was univoltine. A small number of semivoltine larvae were likely ignored, 

resulting in slight inaccuracy in the quantification of EAB dynamics (i.e., a small portion 

of emerging adults would be the result of oviposition two years previously rather than the 

previous year); however this should have occurred only early in the infestation of each 

tree. Accepting this simplification, exit holes provided an estimate of the number of 

emerging adults that were progeny from females that oviposited in the previous year. 

The numbers of EAB exit holes below 1.8 m in height on each stem were 

quantified to estimate the number of adult EABs that emerged each year. This section of 

the bole contained most of the exit holes on the ash trunks. Visual inspection of the bole 

from the ground during the survey confirmed that exit holes were observed above this 

height in relatively few instances (51 times, representing 2% of the observations of 620 

trees once a year for four years); usually less than 10 holes were seen above 1.8 meters, 

representing a minor underestimation of beetle emergence. This sampling height was 

determined based on existing knowledge on the distribution of EAB larvae within ash 

trees, as described below. 

Most of the EAB galleries and/or exit holes found on the boles of smaller trees 

(approximately 8.0 cm in diameter on average, but ranging up to 14.0 cm DBH) have 

been found to occur below a height of 1.8 m. For example, in a 10-year ash plantation in 

China with mean DBH <8 cm, Wei et al. (2007) found that over 75% of larvae were 

located between a height of 51 and 150 cm. Wang et al. (2010) found that while larvae 

were found up to 3.7 high in 9- to 10-year old trees (5-10 cm DBH; also in China), peak 
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density occurred below 1.8 m. In a study encompassing larger plantation trees in Ontario 

(4-14 cm DBH), while galleries were found in highest densities low to the ground, very 

low densities were found up to 7 m up the bole (Timms et al. 2006). However, trees in 

that study were selected such that there were an equal number of trees across the size 

classes, meaning many stems were larger than in the other studies, including the current 

one at Point Pelee. Also, while they found height-above-ground did not greatly influence 

gallery distribution within each tree per se, they did find gallery density peaked around 7 

cm DBH (this is discussed further below). The average DBH of trees in the current study 

was 6.9 cm ± 0.23 cm, therefore most of beetles developing within the bole would be 

expected to emerge near the height of DBH measurement, 1.3 m.  

Several models have been developed to estimate EAB larval density from tree 

diameter (Timms et al. 2006, McCullough and Siegert 2007, Marshall et al. 2011). 

Timms et al. (2006) identified significant quadratic relationships between EAB larval 

density and both tree diameter and bark thickness. Not surprisingly, they also found a 

significant positive correlation with bark thickness and DBH. It was speculated that bark 

thickness presents a biological limit on EAB larval development, and that given the 

correlation between bark thickness and DBH, female EABs may use tree diameter as a 

mechanism to identify suitable oviposition sites. They recommended that to optimize 

EAB detection, searching should begin on trunk and branch sections that are 7.0 cm DBH 

and larger. EAB infestation in large trees is initiated in the canopy, meaning there should 

be holes on larger canopy branches (Ryall et al. 2011). Though the current study included 

a few very large trees that probably did experience EAB emergence in the upper canopy, 

~76% of my study trees were under 8.0 cm in diameter. Based on the size of the trees and 
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the correlation previously identified between branch diameter and bark thickness, it is 

likely that most of the study trees had canopy branches that were too small to support 

larval development, and they therefore should have experienced very little EAB larval 

feeding within their canopy branches. 

Because of the above considerations and financial/accessibility limitations 

prohibiting direct inspection of the canopy, searching for exit holes was limited to 1.8 m 

and below. Further, the survey method was designed to determine relative changes in the 

EAB population over time. Although it underestimated adult emergence from very large 

trees, most of the ash trees growing within the study area were relatively small (76% of 

trees <8 cm DBH). The survey method used here therefore provided adequate 

information to track the changes in EAB emergence from these smaller trees over time, 

though it may not have provided precise information about the total EAB population. 

Exit holes were counted annually from 2008 to 2011. Each hole was marked with 

a small dot of acrylic paint of a different colour each year to avoid duplicate counts. In 

2008, based on their appearance, exit holes could be attributed to beetles that emerged in 

2008, 2007, or 2006. This was based on the colour of the wood on the interior of the hole 

(e.g., current year holes were brownish or reddish while older holes were grey inside), the 

degree of edge chipping, and the degree of lichen over-growth at the hole edges. Holes 

viewed in 2008 that were made by beetles that emerged in 2007 had intact edges and little 

to no lichen over-growth, whereas those made by beetles that emerged in 2006 had worn 

edges and lichens extended around the edge and into the inner surface of the hole. EAB 

exit hole data in this study therefore represent six years of EAB emergence, from 2006 to 

2011. All decisions concerning exit hole ages made in 2008 were verified to be valid over 
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the subsequent field seasons, as paint marks from previous years remained on the re-

sampled trees for the duration of the study and were used as a reference to confirm the 

methodology used in 2008. 

Because detection of EAB infestation was limited to using external tree symptoms 

confirmed by the presence of adult emergence holes, ‘infestation’ is more accurately a 

combination of EAB oviposition intensity and the ensuing response of the tree, including 

defense strategies and differing individual susceptibilities. For example, if a female EAB 

oviposited on a tree but no adult beetles emerged (due to tree immune defense or 

mortality of larvae), that tree would here be considered uninfested and would not 

contribute to the population of EAB adults. For the purposes of this study that was an 

acceptable assumption, as there are many scenarios in which the consequences of EAB 

presence must be determined from external symptoms and it would be counter-productive 

to kill or wound the tree in the process of quantifying the infestation. Moreover, because 

bark wounding has been shown to increase the attractiveness of ash trees to EAB 

(McCullough et al. 2009a, McCullough et al. 2009b, Tluczek et al. 2011), it was not 

desirable to strip even small sections of bark to quantify larval populations, as that may 

have increased EAB oviposition in subsequent seasons.  

Host use by the emerald ash borer was investigated in two ways. First, the portion 

of available hosts (ash trees larger than 2.5 cm DBH) that were “actively infested” by the 

EAB each year was determined, confirmed by the presence of new exit holes in that year. 

This allowed comparison of the proportion of actively infested trees to the proportion of 

uninfested or dead trees. Changes in the proportions of ash trees that remained healthy 

versus those that were infested or had been killed provides insight into how trees were 
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used as hosts by EAB relative to the available resources at this site. The second approach 

involved comparing newly infested trees with reinfested trees (those that had been 

infested in one or more previous year) to determine if the contributions of newly infested 

and reinfested trees to the number of trees in the actively infested category varied over 

time. 

To assess temporal changes in infestation status, ash trees were first divided into 

four categories to describe their state of EAB infestation: ‘uninfested’ (no EAB exit 

holes); ‘newly infested’ (presence of new EAB exit holes on trees that had no exit holes 

from previous years); ‘reinfested’ (new exit holes on trees with exit holes from previous 

years); and ‘abandoned’. Abandoned trees were defined as those with exit holes from 

previous years but no new ones; these trees were dead in all but 43 instances (less than 

2% of observations over four years). Of those, 36 observations were a lack of new holes 

on trees in a single year that were later reinfested again, one was a tree that was dying, 

and 6 were trees that remained relatively healthy (75% or more of their crowns 

remaining) despite previous infestation. To determine the portion of available ash trees 

used annually by the EAB, all trees that were infested in a given year were contrasted 

with those that did not have any current EAB activity, whether they had exit holes from 

previous years or not. For this approach, ‘newly infested’ and ‘reinfested’ trees were 

amalgamated to form the category ‘actively infested’. 

 

  



50 
 

3.2.3 Crown health: the effect of EAB infestation on host trees 

Crown health was assessed to monitor the effects of EAB on the health of 

individual ash trees. Assessment of ash crown vigour are subjective; in the Survey Guide 

for Detection of Emerald Ash Borer (Lyons et al. 2007), the Suspect/Positive Tree Form 

includes four check boxes to indicate crown dieback: ‘nil’; ‘low’; ‘moderate’; and ‘high’, 

without further classification guidelines. A scale of ‘1’ to ‘5’, originally developed for 

maple tree health by Millers et al. (1991), was used by Pontius et al. (2008) for ground-

truthing in the development of an ash decline system using hyperspectral assessments. In 

their system, ‘1’ represents a healthy tree and ‘5’ represents a dead tree. An assignment 

of ‘2’ in this system indicates “light decline (10 to 25% of crown damaged)”, a ‘3’ 

indicates “moderate decline (26 to 50% of crown damaged)”, and a rating of ‘4’ indicates 

“severe decline (>50% of crown damaged). “Damage”, as defined by Millers et al. 

(1991), incorporated any type of damage, including absent or dwarfed leaves. A system 

for assessing crown health was developed for the current study that takes into account 

both the proportion of leaves remaining and leaf size as separate contributors to crown 

health, and is therefore a more detailed measure of EAB impact on crown health. 

Crown health (CH) was assessed by first estimating crown decline (CD), the 

portion of branches that had died relative to a completely healthy tree. This was 

determined in the field for each tree crown as a percentage and then transposed to an 

integer value between ‘1’ and ‘5’ using the following limits: 0-15% crown decline 

(healthy) = ‘1’; 16-40% decline = ‘2’; 41-65% decline = ‘3’; 66-99% decline = ‘4’; 100% 

decline (dead) = ‘5’. These limits were selected for several reasons. The range of the 

system (‘1’ to ‘5’) retained some comparison with the system used by Pontius et al. 
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(2008), including the assignment of ‘5’ to dead trees. Assignment of ratings ‘1’ through 

‘4’ in even categories (e.g., ‘1’ = 0-24% dead branches; ‘2’ = 25-49% decline, etc.) 

would not be biologically relevant because observations of ash trees at Point Pelee with 

15-25% crown decline (which by the former system would be assigned a ‘1’ or healthy 

rating) always showed other signs of EAB presence (larval galleries were the only other 

attribute used to positively identify EAB presence, though at this site cracked bark and 

epicormic shoots were also indicative of EAB infestation). A crown health rating of ‘1’ 

was given to trees with 0 to 15% crown decline because uninfested ash trees had up to 

15% of branches that were dead due to factors other than EAB infestation (frequently 

those that were lower on the tree and shaded). After assigning a value of ‘1’ to trees with 

0-15% decline, the range from 16-99% could not be divided evenly (as a whole number) 

between the remaining values (‘2’ to ‘4’). The upper limit for rating live trees, ‘4’, was 

selected to encompass a greater range (>65% to <100% = ~35%) than were the ratings of 

‘3’ and ‘2’ (ranges of 25% each) to reflect the fact that trees with over 65% crown die-

back always subsequently died within one year, whereas trees that had a lower amount of 

die-back were frequently still alive the next year, though with a further reduction in 

crown health. 

Trees that are heavily infested by EAB often have reduced leaf size that can be a 

further indicator of reduced tree health. Consequently, leaves were assigned to one of 

three size classes: normal (the size of leaves growing on an unaffected tree); small 

(approximately 50% of the size of normal sized leaves); and very small (approximately 

25% of normal leaf size or smaller). The portions of leaves in each of these categories 

were estimated visually. This estimation was not difficult because larger branches always 
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had leaves of the same size, resulting in large clusters of similarly sized leaves; detailed 

inspection of the size of individual leaves was not required. Normal, small, and very 

small leaf categories were given values of 1, 3 and 5 respectively. A leaf-size index (LSI) 

for the tree was then calculated: 

 

     ∑  (    )

 

   

 

  

where   lsni represents the proportion of leaves in size category n (p = 0-1) 

and  ni represents the value of the respective leaf size category (where 

n1 = 1, n2 = 3, and n3 = 5) 

 

Therefore, a tree with no normal-sized leaves, 35% small leaves, and 65% very 

small leaves would generate a leaf size index of:  (1 x 0) + (3 x 0.35) + (5 x 0.65) = 4.3 

An overall crown health (CH) score was calculated for each tree by taking the 

average between the CD score and the LSI. In order to obtain an accurate CH score for 

dead trees, an LSI value of '5' was assigned even though there were no leaves on which to 

allocate a size rating. 

Crown health values were generated four ways and compared in order to 

determine the validity of the above methodology: 1) using crown health values defined 

by the percent of crown damage as described by Millers et al. (1991); 2) using shifted 
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crown decline values reflecting percent of the crown that displayed leaves as described 

above (without the inclusion of leaf size index; called ‘alternate model’); 3) using the 

system as described by Millers et al. (1991) but also adding leaf size index as calculated 

above; and 4) using shifted crown decline values as described in #2 with the inclusion of 

leaf size index (my method, as described above; called ‘alternate model + leaf size’). 

Logistic regressions were conducted (PROC LOGISTIC in SAS; SAS 9.2, SAS 

Institute Inc., Cary, NC) using each crown health value versus the probability of tree 

mortality in the following year. Because crown health and subsequent mortality data was 

only collected from 2008 to 2011, this could only be performed for three years (2008 CH 

vs. 2009 mortality, 2009 CH vs. 2010 mortality, and 2010 CH vs. 2011 mortality). The 

curves generated for ash tree mortality in 2009 are presented in Figures 3.1 to 3.4. 

Generally, curves generated using systems #2 and #4 (using the altered crown % 

values) are shifted to the left relative to those generated using the crown % values used 

by Millers et al (1991). This is likely because of the difference between the two systems 

in assigning the value of ‘1’ (a healthy tree). Recall that in my altered system a tree with 

as much as 15% crown decline was still scored as ‘healthy’ (a crown health value of ‘1’), 

whereas in the system used by Millers et al. such a tree was scored a ‘2’. This caused the 

curves to start increasing at lower CH values using my altered system because trees were 

more deteriorated and had a greater probability of mortality the next year than were trees 

at the same CH values in the original system. Also, the curves do not reach the 

probability of tree mortality equal to 1, most notably in 2009, (the curves shown in 

Figures 3.1 to 3.4) where the left-shift is greater compared to the curves from 2010 and 

2011 (not shown). This is because of the difference in the designation of CH value ‘4’ 
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between the two systems: in the system used by Millers et al. all living trees with more 

than 50% of their crowns damaged were given a crown health score of ‘4’, whereas in my 

system living trees with 50% of their crowns remaining were scored a ‘3’, and those with 

65% of their crowns remaining or less were scored a ‘4’. This means that some trees 

scored as a ‘4’ using the original system had a lower likelihood of dying in the next year 

compared to those scored ‘4’ using my new system because those scored under the 

original system were actually healthier. 

 

Figure 3.1. Logistic regression curve depicting the influence of tree crown health in 

2008 on tree mortality in 2009 using the methodology developed by Millers et al. 

(1991), on the probability of ash tree mortality in 2010. Shown are the 95% 

confidence intervals. N=613; each circle represents all trees at each crown health 

value (1-5) that was either alive (’0’) or dead (’1’) in 2010. 
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Table 3.2 provides the AIC values (Akaike information criterion, where a lower 

value indicates a better model fit relative to alternative models) for each regression 

model. These values indicated that my new method of scoring crown health developed 

here is better at predicting ash mortality in the next year compared to the other methods 

for each of the three years for which comparisons were possible. This system of assigning 

crown health was therefore used in all analyses. 

 

Figure 3.2. Logistic regression curve depicting the influence of tree crown health in 

2008 on tree mortality in 2009 using the alternate model: shifted levels of percent 

crown remaining (relative to Millers et al. (1991)) without considering leaf size, on 

the probability of ash tree mortality in 2010. Shown are the 95% confidence 

intervals. N=613; each circle represents all trees at each crown health value (1-5) 

that was either alive (’0’) or dead (’1’) in 2010. 
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Figure 3.3. Logistic regression curve depicting the influence of tree crown health in 

2008 on tree mortality in 2009 using the methodology developed by Millers et al. 

(1991) but also incorporating leaf size into CH using the above calculation on the 

probability of ash tree mortality in 2010. Shown are the 95% confidence intervals. 

N=613; each circle represents all trees at each crown health value (1-5) that was 

either alive (’0’) or dead (’1’) in 2010. 

 

For gross comparisons of trees that were declining in health but still alive to those 

that were either healthy or dead, all crowns with CH values larger than ‘1’ (healthy) but 

less than ‘5’ (dead) were combined and called ‘intermediate’. Changes in the proportions 

of ash trees that remained healthy versus those that experienced a decline in crown health 

or died quantified the relationship between EAB infestation intensity and the availability 

and condition of ash tree resources. 
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Figure 3.4. Logistic regression curve depicting the influence of tree crown health in 

2008 on tree mortality in 2009 using the alternate model 2: shifted levels of percent 

crown remaining (relative to Millers et al. (1991)) and also considering leaf size, as 

described above, on the probability of ash tree mortality in 2010. Shown are the 

95% confidence intervals. N=613; each circle represents all trees at each crown 

health value (1-5) that was either alive (’0’) or dead (’1’) in 2010. 

 

 

Table 3.2. Summary of AIC values resulting from logistic regressions of crown 

health versus tree mortality in the following year using four methods of assigning 

crown health values. The lowest AIC value between methods in each year is bolded. 

System for designating ash 

crown health (CH) value 

AIC values 

2008 CH vs. 2009 ash 

mortality 

2009 CH vs. 2010 

ash mortality 

2010 CH vs. 2011 

ash mortality 

Millers et al. (1991) 362.762 297.507 422.779 

Alternate model 350.361 292.429 403.362 

Millers et al. (1991) + leaf size 324.256 300.084 418.956 

Alternate model + leaf size 304.485 269.11 381.965 
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There were slight variations in the numbers of ash trees observed in annual 

assessments of both EAB emergence and crown health. This was due to the discovery of 

a small number of ash trees that had been previously overlooked or trees that were not 

found each year. Assessments of exit holes allowed the addition of trees that had been 

infested for three years or less after the first year of the study; however, it not possible to 

gain crown health data from previous years. Sample sizes for each assessment are 

included with the results of each analysis. 

 

3.3 Statistics 

All statistical analyses were performed using SAS (SAS 9.2, SAS Institute Inc., 

Cary, NC) at α=0.05. Specific procedures used for each analysis are provided. Results are 

reported as means ±SE unless otherwise noted. 

Adult emergence data (exit holes) contained many zeros (trees with no exit holes) 

and therefore violated assumptions required for parametric analyses, so non-parametric 

tests were used. Sign tests were performed using PROC UNIVARIATE to identify 

significant changes in adult EAB emergence between consecutive years. 

Identification of significant changes in the percentage of trees that were 

‘uninfested’, ‘actively infested’ or ‘abandoned’ (based on exit holes) from 2006 to 2011 

were determined using simple linear regression analyses (PROC REG). 

Repeated measures ANOVAs, using the MIXED procedure, were used to 

compare annual changes in the numbers of trees per plot that were in each stage of 
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infestation (uninfested, newly infested, reinfested, or dead) from 2006 to 2011. The 

repeated measures option was used because data were obtained from the same trees over 

six years. Heterogeneous autoregressive order 1 (arh [1]) was chosen as the correlation 

type. In this analysis, variances are heterogeneous and unequal over time, covariance 

between measures decreases as time intervals increase and there is heterogeneity of error 

among the classes. A Tukey-Kramer adjustment was performed for multiple means 

comparisons. Non-random patterns in residual plots indicated heterogeneity in error 

variances, and significant Shapiro-Wilk statistics indicated non-normal distribution of 

errors. Transforming the numbers of trees by log (to normalize the errors) +1 (because of 

zero values) in all analyses of tree infestation status corrected these violations for the 

analyses except in the analyses of uninfested trees. For consistency, the same analyses 

were conducted on all stages of infestation. 

Identification of significant changes to the numbers of trees that were ‘healthy’, 

had ‘intermediate’ crown health, or were ‘dead’ over the study period were determined 

by simple linear regression analyses using PROC REG.  

 

3.4 Results 

3.4.1 EAB emergence 

Emerald ash borer beetles began emerging from ash trees in the study plots at 

Point Pelee NP as early as 2006 (Figure 3.5). Despite variation in the number of new exit 

holes observed each year within each plot (Table 3.3), new exit hole densities increased 

annually within each plot and over the total area of observed bark surface from 2006 to 

2009 before decreasing over the next two years (Figure 3.5). Changes in annual  
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Figure 3.5. Means (± standard error) of annual emerald ash borer emergence per 

m
2
 of trunk surface. Total number of trees studied = 620 in all plots. An asterisk (*) 

adjacent to an error bar indicates a significant difference compared to the preceding 

year. 

 

 

 

 

 

 

 

 

 

Table 3.3. Number of new EAB exit holes counted over four years of 

observation and attributed to six years of adult emergence in each plot. The 

numbers of ash trees indicated in each plot were the maximum; each year a 

small number of trees was not located.  

 
  Year 

Plot 
Numbers of 

ash trees 
2006 2007 2008 2009 2010 2011 Σ 

1 49 31 123 125 777 230 110 1396 

2 220 8 29 259 745 331 148 1520 

3 82 39 71 532 646 301 73 1662 

4 60 7 21 77 439 172 44 760 

5 51 35 28 153 479 104 120 919 

6 158 3 15 57 803 356 257 1491 

Σ 620 123 287 1203 3889 1494 752 7748 
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emergence were not uniform among the plots, likely because of differences in the number 

of available hosts, unequal infestation intensity along the north-south axis of the study 

area, and differences in host characteristics (see Chapter 4). The mean EAB exit hole 

density per m
2
 over all trees in 2006 was 0.48 ± 0.12 holes/m

2
, increased in 2007 

(N=620; M=17; P<0.0001) to a mean of 0.91 ± 0.19 holes/m
2
, and increased again in 

2008 (N=620; M=28; P<0.0001), to 3.6 ± 0.60 holes/m
2
. In 2009, the EAB population 

peaked within the study plots, with a large increase (N=618; M=67; P<0.0001) to 9.8 ± 

1.1 holes/m
2
. The emerging EAB population within the study plots subsequently began to 

decline. In 2010, exit hole density decreased to 3.8 ± 0.45 holes/m
2
 (N=617; M=-35 

P<0.0001), followed by a numerical but non-significant decrease (N=607; M=-3.5 

P=0.6811) to 2.8 holes/m
2
 in 2011. Note that these means are the result of averaging the 

number of exit holes that were observed in the study plots over the entire available bark 

surface area (to a height of 1.8 m), including trees that were not and had never been 

infested. Only one third or fewer of the total number of trees were actively infested in any 

one year. In 2006, only 37 trees (6% of those in the study) had exit holes. The maximum 

number of trees that were identified as infested in any year of the study was 205 (in 2009; 

33% of stems). The excessive numbers of zeros lowered the absolute exit hole densities, 

however relative comparisons demonstrate the temporal change in the EAB population. 

 

3.4.2 EAB host use 

Regression analyses indicate that from 2006 to 2011, the percentage of uninfested 

trees within each plot decreased by an average of 11.3 ± 1.2% per year over the duration 
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of the study (F=87.40; N=6; P=0.0007). The percentage of trees that were actively 

infested increased slightly but not significantly each year (4.0 ± 1.7%; F=5.36; N=6; 

P=0.0816). Annually, the number of actively infested trees first increased, then 

decreased; consequently, overall temporal changes were not detected with the regression 

analysis (but are discussed in the annual analyses, below). The mean percentage of trees 

that were abandoned (usually due to mortality) increased by 7.3 ± 2.0% each year 

(F=13.86; N=6; P=0.0204). Since trees did not begin to die from infestation until 2008 

but the comparisons of uninfested and actively infested trees includes data from 2006 and 

2007, the regressions are not directly comparable but provide information about the 

overall temporal trends. 

Based on exit hole data, 583 of the 620 trees in the study plots (94.0%) were 

uninfested in 2006 (Figure 3.6). By 2010, when the number of EAB beetles emerging in 

the six plots had declined considerably, 346 stems (55.8%) were still uninfested. By 

2011, when the emerging EAB population was relatively low in the study plots, over one 

third (39.0%) of the healthy ash stems that were available at the start of the study 

remained. EABs did not begin to abandon trees within the study area until 2008 (Figure 

3.6); however there was no significant increase in the mean number of abandoned trees 

per plot until 2010. 

In 2006, the mean number of actively infested trees/plot was 6.2 ± 1.3 (Figures 

3.6 and 3.7). In 2007 this increased to 11.0 ± 1.5 trees/plot (P=0.006), followed by a 

numerical but non-significant (P=0.098) increase to 15.0 ± 2.6 trees/plot in 2008. A 

substantial increase in the number of actively infested trees occurred in 2009, when a  
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Figure 3.6. Number of ash trees per plot (mean ± standard error; N=6) that were 

uninfested (healthy), actively infested by EAB, or abandoned (dead) over six years. 

Total number of trees studied = 620. Active infestation was determined by the 

presence of new exit holes. An asterisk (*) adjacent to an error bar indicates a 

significant difference compared to the preceding year. 

 

mean of 34.3 ± 7.2 trees per plot were confirmed to have new exit holes (P<0.0001). A 

decrease in 2010 resulted in a mean of 21.8 ± 6.1 actively infested trees over the six plots 

(P=0.029), followed by a numerical but non-significant increase to 24.6 ± 7.6 trees/plot in 

2011 (P=1.000). 

The mean number of actively infested trees per plot increased and decreased 

similarly to the mean number of newly infested trees per plot (Figure 3.7). Further, the 

peak in both infestation categories coincided with the peak in the adult EAB population 

in 2009 (Figure 3.5). The contribution of reinfested trees to the active infestation 

remained relatively constant over the study period (Figure 3.7). 
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Figure 3.7. Number of ash trees per plot (± standard error; N=6; total N=620) that 

were undergoing each category of infestation (newly infested, reinfested, or actively 

infested, which is the sum of newly infested and reinfested trees) over six years. 

Infestation was determined by presence of new EAB exit holes. An asterisk (*) 

adjacent to an error bar indicates a significant difference compared to the preceding 

year. 

 

 

3.4.3 Ash tree crown health (CH) 

In 2008 only 58 stems (9.4%; N=617) were dead (CH = 5), and 354 (57.4%) were 

healthy (CH = 1; Figure 3.8). The number of dead trees increased to 138 (22.4%) in 2009 

(55% remained healthy; N=615) and 200 (32.5%) in 2010 (45% remained healthy; 

N=616). In 2011, when approximately 22% of the stems were actively infested, 308 

(50.2%; N=613) were dead, and 214 (34.9%) still had a crown health value of ‘1’. EAB 

larvae are able to survive in and emerge from trees that have recently died (Petrice and 

Haack 2007). Of the dead stems in 2011, 75 were both categorized as both actively 

infested (i.e. had new exit holes) and dead, representing 24.3% of the dead stems and 

50.7% of the actively infested stems. This suggests that these trees were recently killed 
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by feeding larvae, and also indicates that there was a substantial association between the 

active infestation and tree mortality in that year. Half of the actively infested trees had 

already died and beetles had recently emerged from a quarter of the dead trees. By the 

end of the study, 29% of ash stems suitable for use as EAB hosts within the study plots 

were still both completely healthy (CH = 1) and were not visibly infested by EAB (zero 

exit holes). 

Overall, the number of healthy trees (CH = 1) declined by a mean of 

approximately 48 trees (7.8%) per year (Figure 3.8; F=28.23; N=4; P=0.034) whereas the 

number of dead trees (CH = 5) increased by a mean of approximately 81 trees (13.1%) 

per year (F=166.79; N=4; P=0.006). There was no significant change in the numbers of 

trees with ‘intermediate’ crown health values over the study period (F=15.26; N=4; 

P=0.0597). However, it is worth noting that there were approximately 35 fewer trees per 

year (5.6%) in this category. The proportion of trees with intermediate crown health 

values (CH = 2 to 4) decreased from 33.2% in 2008 to only 14.8% in 2011. 

The disparity between the proportion of healthy and dead trees within the study 

plots (Figure 3.8) demonstrates a shift in the impact of EAB on the stand over time. 

Crown health (CH) declined throughout the study; however, this appeared to occur at a 

decreasing rate over time (trees did not recover from EAB infestation, but the decline in 

crown health became less rapid). 
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Figure 3.8. Change in crown health (CH) scores of all observed ash trees (N=613-617 

over the time interval shown) from 2008 to 2011. A healthy tree is represented by a 

crown health of ‘1’, and ‘5’ indicates a dead tree. By regression, there was a 

significant decrease in the number of healthy trees and a significant increase in the 

number of dead trees over the four years that crowns were assessed, but no 

significant change in intermediate crown health values (1<CH<5). The decrease in 

the number of healthy trees was not as great as the increase in the number of dead 

trees over this interval, suggesting a declining rate of EAB infestation on healthy 

trees over time. 

 

3.5 Discussion 

This study is the first to report a decline in adult EAB emergence despite the 

presence of numerous healthy and visibly uninfested ash trees ≥2.5 cm DBH. Adult EAB 

typically infest ash trees that are larger than 2.5 cm DBH and individual trees are usually 

killed within three years of infestation (Wang et al. 2010). Moreover, most trees within a 

site usually continue to become colonized over several years until all the trees are dead 

(Klooster et al. 2013). In the current study, however, a large portion of trees remained 

healthy at least six years after EAB first emerged from nearby trees (Figure 3.8). The 

reason for this dramatic decrease in the number of beetles despite the considerable 
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number of healthy and uninfested host trees is not clear, and is of particular interest for 

further study. Such declines in EAB populations in the presence of suitable hosts have 

not been previously documented, and there is no indication that this species undergoes 

natural fluctuations in North America. In its native range, population densities remain 

low on Asian ash species typically without damaging outbreaks, although North 

American ashes planted in Asia and Asian ashes under stress are more susceptible (Yu 

1992, Liu et al. 2003, Baranchikov et al. 2008, Wei et al. 2007). Climatic factors are also 

not likely to have contributed to the observed decline in the EAB population at Point 

Pelee. Cold tolerance in EAB is a result of freeze-intolerant prepupae with a supercooling 

point as low as -35.3°C (Crosthwaite et al. 2011). The lowest recorded temperature at 

Point Pelee (from December to February) in the winters of 2007/08, 2008/09 and 2009/10 

was -25.0°C (Environment Canada 2013). Considering the latitude and milder climatic 

conditions of the park due to the proximity to the lake relative to further inland, it is 

unlikely that winter temperatures ever extend much below that limit, and most likely did 

not contribute to the decline in the EAB population. 

Crown health did not decline in the same way over the whole study period; 

healthy trees (CH = 1) did not shift to the next crown health category (CH = 2) as quickly 

as severely deteriorating trees (CH = 3 and 4) died (CH = 5; Figure 3.8). The decrease in 

the proportion of trees with intermediate crown health values (CH = 2 to 4) suggests that 

even though the rate of tree mortality increased significantly, this was in large part due to 

the death of trees that had already been infested. This is similar to observations of ash 

tree decline in Michigan, where healthy trees within an infested area remained relatively 

healthy two years later but most trees that had shown signs of infestation and reduced 
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health had died (Knight et al. 2008). The persistence of a relatively high number of trees 

in the uninfested category throughout the study seems to reflect a decrease in the level of 

infestation within these trees over time. That may be attributed to four different 

processes: 1) Reinfestation may have caused previously infested trees to decline in health 

faster than newly infested trees; 2) Interspecific variability in resistance to EAB may 

have caused more susceptible trees to become infested first and more “resistant” trees to 

be infested later; 3) Reduced detectability of the trees that remained uninfested may have 

reduced oviposition on them and consequently encouraged dispersal of the beetles out of 

the study plots; or 4) The remaining trees may have had some mechanism to prevent or 

withstand EAB infestation such that no outward signs were detectable. There has been no 

evidence of widespread EAB resistance in green ash trees to date, so it is unlikely that 

tree resistance (#2 and #4 above) played a significant role in the survival of ash trees 

within these study plots. Therefore, the observed crown conditions likely reflect the high 

rates of reinfestation, differences in tree quality, differences in detectability of trees, 

dispersal of beetles out of the study plots, or some combination of these. Each of these 

processes as they relate to the current study are discussed below. 

Reinfestation of trees that had already been used as hosts for EAB larval 

development and the colonization of new trees into the active infestation did not follow 

the same pattern over the duration of this study. Variation in the number of newly 

infested trees over the study period contrasted with the relative consistency in the number 

of reinfested trees over the same period (Figure 3.7). The temporal correlation between 

the peak in the EAB population in 2009 (Figure 3.5) and the increase in newly infested 

trees in the same year (Figure 3.7) suggests that the rapid increase in the EAB population 
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may have led to an increase in the colonization of new trees either due to greater dispersal 

rates of beetles because of a higher population density or the reduced quality of trees 

from which they emerged due to high larval densities, or, more likely, a combination of 

the two. 

Reinfestation of ash trees may have developed as a reproductive strategy as a 

result of an evolutionary advantage in overcoming tree defenses; larvae hatching on trees 

that were already infested may have been able to more effectively overcome tree 

defenses. An observed switch from 2-year development to single year development with 

increased EAB larval densities (Mercader et al. 2011) indicates that the speed of larval 

development within each tree is associated with increased EAB larval density. Other 

bark-boring beetles, such as the mountain pine beetle (Dendroctonus ponderosae), 

produce pheromones that attract conspecifics in large numbers that are then able to 

overpower host defences (Hughes 1973). In contrast, attraction of EABs to previously 

infested trees does not appear to be associated with pheromone production. A putative 

EAB pheromone, (3Z)-lactone, has been identified (Bartelt et al. 2007), but it is believed 

to act synergistically with green leaf volatiles (de Groot et al. 2008) to enhance mate 

location by males within the canopy (Silk et al. 2011). Combining attractive bark 

sesquiterpenes (see attraction of EAB to sesquiterpenes, below) with the same putative 

pheromone does not seem to increase attraction of female beetles (Crook et al. 2008b, 

Silk et al. 2011). This pheromone therefore does not appear to be related to the attraction 

of ovipositing females to previously infested trees. 

Both male and females beetles are attracted to elevated ash bark sesquiterpenes 

produced after mechanical wounding (Crook et al. 2008b, McCullough et al. 2009a, 
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McCullough et al. 2009b, Tluczek et al. 2011). Leaf volatile emissions also increase in 

response to stress and wounding (Rodriquez-Saona 2006). It seems, therefore, that EAB 

adults may be attracted to trees that have been damaged by conspecific larvae. However, 

it is important to note that the studies mentioned above tested the effect of girdling trees, 

which causes a substantial amount of damage, on the capture rates of beetles of both 

sexes on sticky traps rather than specifically quantifying female attraction to trees 

damaged by larval feeding. All current evidence suggests, however, that female attraction 

to trees that have already been infested may be associated with volatiles produced by the 

tree in response to injury, rather than to chemical cues produced by conspecifics. 

Despite limited investigation into the quantity of bark volatiles required for beetle 

attraction (Crook et al. 2008b), the focus of research on attractants has tended toward 

improving the efficacy of traps for detection, and does not address the level of larval 

EAB infestation that may be required for bark wounding to attract beetles. Many tree-

level factors that may affect volatile production and detection would need to be 

considered, such as tree diameter, extent of sunlight exposure, and the presence of non-

host trees in the vicinity. The effects of host tree variables on the intensity of EAB 

infestation, including DBH, crown class, and the basal area and number of trees 

surrounding each ash tree, are investigated in Chapter 4 in order to determine the 

potential influences of these factors on the intensity of EAB infestation (holes/m
2
) at 

Point Pelee.   

Tree location appeared to affect the timing of ash mortality by the EAB in this 

study. Most of the ash trees infested early by EAB at Point Pelee were growing in the 

open dune area on the western edge of the study plots or growing in the forested eastern 
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part of the plots with their crowns extending above the main canopy. Ash trees growing 

singly or in small groups in exposed sites along the beach became heavily infested early 

in the study period; 70% were dead by 2009 and virtually all (96%) were dead by 2011. 

In contrast, while there were some infested trees in the eastern quarter of the plots under 

the canopy by 2011, 45% of the trees in these areas remained healthy. The eastern limit 

of Plots 2 to 6 were 25-50 m from the park road. Therefore many trees in the eastern 

quadrant of the plots were nearer to the park road than they were to the beach (45 to 75 

meters from the road versus 60 to 80 meters from the beach), suggesting that the road 

may have been used as an ‘edge’ that may have facilitated north/south movement at the 

eastern portion of the study plots. Many of the trees that remained uninfested were small 

and grew in the understory; the mean DBH of trees in the eastern quarter of the study 

plots was 5.4 cm, and only 9% of them were larger than 10 cm in diameter. This may 

have affected detection and/or selection preferences by female beetles. As an infestation 

progresses and canopy and edge ashes are killed, sunlight will penetrate further into the 

forest interior and understory, which may then cause previously rejected hosts to become 

more suitable for oviposition (Lyons et al. 2009). Therefore, tree location may be a 

greater contributing factor to the impact of EAB on crown health and survival earlier in 

an infestation than it is later in the infestation. This concept is investigated in further 

detail in Chapter 4. 

Circumstances may motivate EAB beetles to disperse out of a particular area (in 

this case the study plots). Investigations into EAB dispersal are few in number. The use 

of sticky traps to monitor distances traveled by released EABs has had limited success 

(Haack and Petrice 2004), although released beetles of both sexes have been recaptured at 
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distances over 300 m from their release site less than two weeks after their release (Fraser 

et al. 2007). Estimates of maximum dispersal distances based on the detection of infested 

trees has indicated that beetles may travel over 600 m (Siegert et al. 2010) and up to 750 

m from a point source in one year (Mercader et al. 2009; however host placement at this 

site may have provided conditions that resulted in directed dispersal, which may have 

then lengthened the observed dispersal distance). The majority of successfully 

ovipositing females appear to limit their dispersal to about 100 m from their origin 

(McCullough et al. 2005b, Mercader at al. 2009). This dispersal behaviour has been 

posited to be the result of the presence of an abundance of healthy ash trees in the 

vicinity, making further dispersal unnecessary (Mercader et. al. 2009). In the absence of 

such favourable conditions, gravid female EABs are suspected to have the ability to 

undergo longer dispersal flights than their unmated counterparts, upwards of a kilometer 

per day, in search of suitable oviposition sites (Taylor et al. 2010). 

Despite the inconsistencies in observed dispersal distances, comparing even the 

lowest maximum distance of 300 m (and even 100 m within which most females appear 

to disperse) to the size of the current study plots (30 x 80 m) suggests that if the 

remaining available hosts in this study were rejected or undetected, female EABs may 

have dispersed well beyond the boundaries of the study plots in search of suitable trees. 

Rejection or lack of detection of suitable hosts and subsequent dispersal out of the study 

plots would explain the persistence of healthy ash trees at least six years after initial EAB 

emergence at Point Pelee. 

Several factors may affect female EAB host selection, such as host exposure to 

sunlight, visual perception of host silhouettes or trunk characteristics, and perception of 
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host olfactory cues by beetles. However, all potentially contributing factors affect one or 

both of two main factors: lack of host detection and/or rejection of trees after detection. 

Factors that may affect host selection are discussed below. 

EAB adults initially identify ash trees as potential hosts while in flight rather than 

during physical contact following random landings (Lyons et al. 2009). Visual and 

olfactory cues both appear to play a role in EAB host location (Cappaert et al. 2005, 

Francese et al. 2005, Rodriguez-Saona et al. 2006, de Groot et al. 2008, Lelito et al. 2008, 

Pureswaran and Poland 2009a, Pureswaran and Poland 2009b, Pureswaran and Poland 

2009c, Silk et al. 2011). These types of cues may be easier to detect in open-grown or 

edge trees; colour and shape of hosts are more defined without overlap and shade from 

nearby trees, and host volatiles may be better separated from those of non-host species 

when there is physical distance between them. It may be difficult for female EABs, then, 

to locate interior growing or understory ash trees, and they may therefore remain healthy 

despite EAB infestation of adjacent trees. 

Alternatively, ovipositing females may reject understory ash trees even if they are 

detected, due to altered host chemistry because of reduced exposure to sunlight. The 

amount of sunlight exposure changes the suitability of ash hosts to EAB, both physically 

and chemically. Incident sunlight warms tree boles, which may affect the rate of larval 

development (Wang et al. 2010). Changes in exposure to sunlight has been shown to 

influence ash leaf volatile (Chen and Poland 2009a) and foliar carbohydrate (Chen and 

Poland 2009b) production, which can alter the nutritive value to feeding adults. EABs 

generally prefer to feed and oviposit on sun-exposed ‘edge’ or open grown trees rather 

than those that are completely shaded (Liu et al. 2003, Wei et al. 2007, Chen and Poland 



74 
 

2009a, Lyons et al. 2009, McCullough et al. 2009a, McCullough et al. 2009b), and traps 

hung in the canopies of trees that extend above surrounding trees tend to catch more adult 

EABs than do traps in co-dominant or understory trees (Marshall et al. 2010). Female 

EABs may have evolved to reject shaded trees because of slower larval development 

attributed to lower temperatures in shaded locations (Wang et al. 2010) and potential 

nutritional deficiencies caused by reduced photosynthesis. A combination of these host 

factors may influence host selection by EAB females. 

This study revealed uncharacteristic temporal trends in an emerald ash borer 

population and its utilization of ash tree hosts. The decrease in the number of emerging 

EAB beetles at Point Pelee while a third of the ash tree stems remained healthy was 

unexpected. The crown health of study trees declined during the study period, but fewer 

“healthy” trees entered the “intermediate” crown health categories when compared to the 

number that died after a time of intermediate health. Reinfestation of previously infested 

trees was relatively constant over the study period, while large annual changes in the 

number of emerging EABs was reflected in the number of newly infested trees, which 

may have increased local dispersal.  
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CHAPTER 4 

The influence of tree and stand characteristics on host selection by 

emerald ash borer beetles 

 

4.0 Abstract 

Emergence of emerald ash borer (EAB) beetles was monitored by observing exit holes on 

ash trees in six study plots over six years to determine the influence of selected host 

variables on EAB infestation. Variables investigated were tree diameter, relative crown 

height within the canopy (crown class), and two measures of ‘openness’ within 5 meters 

of each ash tree, basal area and stem count. Because of excessive zero exit hole values, 

zero-inflated Poisson (ZIP) modelling was used to identify host variables that contributed 

to the number of exit holes observed. The emerging EAB population fluctuated over 

time, so separate models were generated for each year of study. The infestation expanded 

both east and south over the study period, suggesting diffusion of the beetles into 

previously uninfested areas. However, the rate of spread was faster southward through 

more open habitat than into the denser forested portion of the plots to the east. All 

measured host variables influenced host selection in at least two years, but 

inconsistencies in significance, signs, and magnitudes suggest that the effect of host 

variables is not constant over the course of an EAB infestation. This likely reflects the 

combined effects of resource reduction as ash trees deteriorate in quality and 

environmental changes in stand condition due to tree mortality. 
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4.1 Introduction 

The emerald ash borer (EAB) beetle, Agrilus planipennis Fairmaire, is an invasive 

forest pest that has killed millions of North American ash trees since its introduction from 

China in the 1990s. While evaluations vary, it has been estimated that 100 million ash 

trees had been killed by 2012 in the United States alone (Donovan et al. 2013). In 

Canada, as of 2013 the beetle had spread from its initial range in the Windsor area to 

encompass most of Southern Ontario, east to Durham and north to Manitoulin Island, and 

it had established in Sault Ste. Marie, in the Ottawa area from Frontenac to Papineau, and 

near Lavale, Quebec (CFIA 2013). 

Tolerance of North American ash trees to EAB infestation has been widely 

investigated. All common eastern North American ash species (white ash, Fraxinus 

americana; green/red ash, F. pennsylvanica; black ash, F. nigra; and blue ash, F. 

quadrangulata) can be successfully used as hosts for developing EABs (Anulewicz et al. 

2006, Anulewicz et al. 2008). While blue ashes appear to be less affected by EAB 

presence (see Chapter 2; Tanis et al. 2012), all other ash species encountered in the 

current range of the EAB in eastern North America are typically infested and killed in 2-3 

years (Wang et al. 2010). 

Several factors have been identified that have the potential to influence EAB 

oviposition sites. A minimum host stem size has been associated with a minimum phloem 
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thickness required for developing larvae that consume the inner bark tissue (Timms et al. 

2006). The position of the tree within the stand (i.e., edge versus interior-growing trees) 

and the relative height of the tree within the canopy compared to adjacent trees also 

appear to affect host selection (Wei at al. 2007, Lyons et al. 2009, McCullough et al. 

2009a, McCullough et al. 2009b, Marshall et al. 2010). Both of these factors may 

increase sun exposure, thereby increasing bark temperatures that speed larval growth 

(Wang et al. 2010). 

New EAB populations must disperse as their populations increase and the host 

trees they infest decline in quality. Dispersal is generally assumed to be radial on large 

scales despite small deviations due to habitat preferences and changes to birth/mortality 

rates (Skellam 1951, Liebhold et al. 1995). However, at local scales under which most 

forest surveys are conducted, these deviations can affect the presence/absence of a pest 

species within surveyed areas. Heterogeneity in stand characteristics, such as host density 

and basal area, has been found to affect forest pest dispersal directly (Turchin and 

Theony 1993) as well as the resulting level of infestation (Fierke et al. 2007, Haavik and 

Stephen 2010), which may reveal patterns in individual host selection.  

Previous EAB infestation can cause environmental changes within a forest stand 

due to host tree mortality, which may then influence subsequent host selection by beetles. 

The declining health of each tree allows more sunlight to reach its own bole and that of 

neighbouring trees through the reduction of canopy leaves, and large gaps are frequently 

created when trees fall and take down adjacent trees in their paths. Resulting canopy gaps 

may increase the attractiveness of nearby living trees to ovipositing females due to an 

increase in sunlight exposure (Lyons et al. 2009). Because most ash species can grow to 
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be up to 20 metres or more in height and 50 to 100 cm in diameter (Waldron 2003), they 

have the potential to create large canopy gaps that can dramatically change the 

characteristics of the surrounding forest. 

Host tree and stand characteristics such as tree size, location within the stand, and 

the relative crown height within the canopy, as well as the density of the forest 

surrounding each host tree, may influence EAB dispersal; however the spatiotemporal 

dynamics of an EAB infestation have not been fully described. Much of the knowledge to 

date on factors that affect EAB dispersal has been generated through relatively short-term 

studies, and have therefore not captured changes in host selection due to modifications to 

the surrounding habitat over time. To fully understand the progression of an EAB 

infestation in a forested environment it is therefore important to monitor an infestation for 

a longer duration. This study was designed to detect the influences of selected host and 

stand characteristics on EAB host selection in a natural habitat, and evaluate how these 

influences changed over time. 

 

4.2 Methods 

4.2.1 Study area and plot establishment 

Six study plots measuring 30 by 80 metres were established in 2008 at Point Pelee 

National Park, located on the northern shore of Lake Erie. Each plot was placed 

perpendicular to the shoreline and extended from the beach into the forest. See Chapter 3 

for a full description of plot locations and their delineation. For analyses completed in 

this portion of the study, each of the six plots was further subdivided into four subplots, 
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‘a’, ‘b’, ‘c’, and ‘d’. These subplots were ordered from west to east at 20-metre intervals, 

and therefore measured 30 by 20 meters each. Each tree consequently received a plot and 

a subplot designation. The relative locations of all trees along the north-south and east-

west axes, as well as boxplots on the axes that depict the distribution of the trees in each 

direction, is shown in Figure 4.1. 

 

 
Figure 4.1. Distribution of ash trees (N=601) within the study area along the 

west/east and north/south axes. Linear arrangement of points in the west/east 

direction is shown for each plot. Marginal boxplots indicate medians and 

distribution of tree locations in both directions. 
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4.2.2 EAB exit holes: a measure of infestation level 

Exit holes left by emerging beetles were counted on the lower 1.8 metres of every 

tree each year, from 2008 to 2011. Additionally, counts of exit holes formed in 2006 and 

2007 were also determined in 2008. A full description and justification of the 

methodology for exit hole sampling, aging older holes in 2008, and marking exit holes 

each year can be found in Chapter 3. Exit holes were then used as a measure of successful 

annual adult emergence from each tree stem. Exit hole densities (holes/m
2
) were derived 

by multiplying π by the DBH (diameter at breast height, in meters) of each tree by the 1.8 

m section of the bole to determine the surface area observed in square meters, and then 

dividing the number of holes counted by the surface area. Exit hole densities were used in 

all analyses except annual models, where counts were used. The surface area of each tree 

was accounted for in each model as described in “Zero Inflated (Mixture) Modelling”, 

section 4.3.3, below.  

 

4.2.3 Host Variables 

Several host variables were selected as potential predictors of infestation intensity 

(exit hole density). Table 4.1 contains a full list of variables considered but not 

necessarily included in the final analyses, and includes summary descriptions of each 

variable. Variables included are: the distance from the northern edge of Plot 1, the 

northernmost plot (which represents a potential north/south axis of dispersal); the 

distance from the western edge of each respective plot (which represents an east/west 

axis of dispersal); the crown class of each tree (relative height within the canopy; see full 

description below); the DBH (the size of each bole; Figure 4.2 depicts the DBH  
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Figure 4.2. Distribution of DBH (diameter at breast height) of green ash trees within 

the study plots. 

 

distribution of green ashes within the study plots); and eight different measures of 

‘openness’. These are: 1) the number of stems (all tree species) within 2.5 metres of each 

ash tree; 2) the number of stems (all tree species) within 5 metres of each ash tree; 3) the 

basal area (all species) within 2.5 metres of each ash tree; 4) the basal area (all species) 

within 5 metres of each ash tree; and each of the preceding measures for only the green 

ash trees surrounding each ash stem (as opposed to all species; see Table 3.1 in Chapter 3 

for a list of the main canopy-forming species within each plot). It should be pointed out 

that ‘basal area’ here refers to the total area (m
2
) that resulted from summing the cross-

sectional area of each tree within the specified radius (2.5 or 5 m) of each ash tree. 

Therefore, all basal areas are relative and the units are m
2
. 

Determining the ‘openness’ for each tree involved using ArcGIS (see Data 

manipulation in ArcGIS below) to obtain numeric values for each of these variables. The 

measure of openness that best described the observed exit hole counts was included in the 
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annual models developed to explain infestation intensity in individual trees. This measure 

was selected by fitting full models (described in the Zero Inflated (Mixture) Modelling 

section, below) with each of the eight measures of openness, and then comparing 

Akaike’s Information Criterion (AIC) values. The measure with the lowest AIC value 

was then selected for the final analyses. Because of a lack of collinearity between two 

different measures of openness, basal area and stem count surrounding each ash tree, both 

were used in the models (described in detail in the modelling section below). 

 

Table 4.1. Host variables and ranges considered in models of annual EAB 

emergence at Point Pelee National Park. 
Host variable Description Value range 

north distance distance (m) from north edge of Plot 1 0.66-2598.12 

west distance distance (m) from west edge of respective plot 0.09-80 

DBH diameter (cm) of each tree at ‘breast height’ (1.37 m) 2.5-67.5 

crown class relative crown position within the canopy 1-5 

basal area (all, 2.5 m) total basal area of all trees within 2.5 m of each ash tree 0.09-0.95 

basal area (ash, 2.5 m) total basal area of ash trees within 2.5 m of each ash tree 0.09-0.45 

basal area (all, 5 m) total basal area of all trees within 5 m of each ash tree 0.36-1.53 

basal area (ash, 5 m) total basal area of ash trees within 5 m of each ash tree 0.36-0.73 

stem count (all, 2.5 m) number of all stems within 2.5 m of each ash tree 1-24 

stem count (ash, 2.5 m) number of ash stems within 2.5 m of each ash tree 1-21 

stem count (all, 5 m) number of all stems within 5 m of each ash tree 1-54 

stem count (ash, 5 m) number of ash stems within 5 m of each ash tree 1-51 

crown health portion of crown remaining (measured from 2008 to 2011 only) 1-5 

 

Crown class categories were assigned as described in Chapter 2, section 2.2.2, 

where open grown trees were assigned a number ‘1’, dominant trees were assigned a 

number ‘2’, co-dominant number ‘3’, intermediate number ‘4’, and supressed trees were 

assigned number ‘5’. 
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Crown health, a measure of the effect of the EAB infestation on tree foliage, was 

used in Chapter 3 to assess the impact of EAB on the overall health of ash trees (see 

Chapter 3 for a full description of the assignment of crown health values to each tree). In 

this portion of the study crown health was included as an explanatory variable to address 

the lack of new exit holes in dead trees. Because it was not known if crown health from 

the current year or from the previous year had a greater influence on the number of 

observed exit holes, full models were fit for each year as described in the following 

section on modelling, including either the crown health from the previous year or of the 

current year (the year coinciding with the exit hole counts). Resulting AIC values were 

compared between the two models for each year, and the crown health value used in the 

model with the lower AIC was selected to be included in the final annual models. 

 

4.3 Statistics and analyses 

4.3.1 Spatial variation of variables and tests for normality and collinearity 

All statistical tests and graphical representations were performed in R (R 2013). 

To visualize the distribution of the data, boxplots were generated for the host and habitat 

variables:  tree diameter, crown class, two selected measures of openness (see discussion 

of collinearity, below for explanation of the use of two measures of openness), crown 

health, and exit hole densities. Inspection of boxplots grouped by plot and by subplot 

indicated the data were not normally distributed. Kolomogorov-Smirnof tests were 

performed on untransformed and transformed data to test for normality. The null 

hypothesis was rejected for all variables at α = 0.05 significance level. Levene’s tests 

further rejected the hypothesis of equal variances within plots and subplots for all 
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variables. Because transformations did not correct non-normality or heteroscedasticity, 

nonparametric tests were performed to identify significant differences in measured 

variables. 

The Kruskal-Wallis test compares medians to generate χ
2
 and associated P-values. 

Comparisons of variables among plots and subplots were made using this test to 

determine first if there was a difference between plots or subplots. If the null hypothesis 

was rejected, meaning a significant difference among plots or subplots was detected, 

multiple pairwise comparisons (using the kruskalmc() function in the pgirmess package 

in R) were conducted in order to identify specific differences between plot or subplot 

pairings. This type of analysis only reports whether it is “true” or “false” that the samples 

differ significantly at ɑ=0.05, and does not provide P-value outputs. Wilcoxon rank sign 

tests were conducted in order to determine if there were significant differences in the 

pooled (all study trees) exit hole densities or crown health between consecutive years. 

Collinearity among host variables to be used in the annual models was tested prior 

to model development by means of pair plots (using the pairs() function in R). Also 

included in these inspections were the north and west distances in order to visualize 

potential correlations among variables and north/south and east/west tree positions. 

Because of the limitation on the number of variables that can be included in a single 

correlation matrix, variables were grouped by factor (i.e. tree locations were separately 

compared to annual exit hole densities, annual crown health, and then to all variables 

proposed to be included in the annual models). 
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4.3.2 Data manipulation in ArcGIS 

To calculate the basal areas and counts of all stems and of ash stems only within 

2.5 and 5 metres of each ash tree, the positions of all trees were plotted in ArcMap 

(ArcGIS 10.1; Esri 2013) and circles with radii of 2.5 and 5 m were generated around 

each ash tree using the buffer tool. New boundary files were created from these buffers (a 

different file for each of the two buffer sizes). Buffers that extended beyond the borders 

of each plot were excluded from this file, so the number of trees that were included in the 

analyses of openness was less than all other variables. Within the new buffer zones the 

total number of stems and the number of ash stems were calculated using an algorithm 

within the system that counts the number of instances of overlap between two boundary 

files, therefore providing a surrounding stem count for each ash tree. Additional new 

boundary files were created by using the DBH of each stem to create circles coinciding 

with their basal area and then using the erase tool to remove the area of each stem from 

the buffer boundary files. The areas of each of these new shapes (the buffers with ‘holes’ 

in them) were generated, and then subtracted from the total area of the original buffers in 

order to determine the total basal area of the surrounding stems of all species and of the 

ash stems. 

The perpendicular distance of each ash tree from the northernmost edge of Plot 1 

was measured directly using an algorithm in ArcMap, and was called “north distance”. 

The perpendicular distance of each ash tree from the westernmost edge of each respective 

plot was also measured in ArcMap, and was called the “west distance” for subsequent 

analyses. 
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4.3.3 Zero Inflated (Mixture) Modelling 

The influence of each host variable on emerald ash borer exit hole density was 

estimated through a series of models. Each year was modeled separately because ash 

crown reduction and tree mortality due to EAB infestation was anticipated to alter the 

environment within each plot, which may have subsequently affected host selection. This 

also removed dependence resulting from repeated measures, which is not accounted for 

in the selected modelling procedure (Hall 2000). 

Because of the excess zero values (no detected EAB emergence from a tree in a 

particular year), the effect of host variables on EAB infestation was investigated using 

“zero-inflated” (ZI) modelling procedures. These types of models, also called “mixture 

models” (Zuur et al. 2009), have two components: a “count” portion and a “binomial” 

(logistic) portion. Unlike similar “zero-altered” (ZA) models (also called “hurdle” 

models) that model all zeros in the binomial portion and all non-zeros in the count 

portion, ZI models incorporate zeros in both model components, depending on their 

source. Zeros included in the count portion of the model are ‘true’ zeros. These are also 

called “structural zeros” (Zuur et al. 2009), and reflect a real absence of a measured 

parameter. However, the binomial portion of the model contains only ‘false’ zeros, which 

are defined as zeros that are produced because of different scenarios depending on the 

objectives and circumstances of the study. Generally, they result from difficulty in 

detection, misidentification, or poor study design (i.e., searching for an organism in an 

inappropriate place or time of year). Also included are unavoidable false zeros, generated 

by uncontrollable variables such as animal movements (Zuur et al. 2009), which can be 

represented in this study as the movement of the active infestation as beetles disperse 
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within the plots (discussed further below). Analyses of ZI models do not require 

segregation of zeros into true and false sources prior to modelling; zeros are assigned to 

each category internally within the modelling procedure (Zuur et al. 2009). However, it is 

important for the observer to know whether excess zeros arise from true or false zero 

sources, as this can have a substantial effect on model estimates (Martin et al. 2005). 

The division of zeros into true and false zeros is imperfect and may depend on the 

objective of the study (Martin et al. 2005, Zuur et al. 2009). There seems to be 

disagreement on what constitutes a true zero: in the graphical representation of the two 

processes of ZI models (see Figure 11.5 in Zuur et al., 2009, reproduced here in Figure 

A-1 in Appendix A), “I am not here, but the habitat is good!” is included in the “zero 

mass” portion of the model, which represents false zeros. However, the study by Martin 

et al. (2005) cited within the same section in Zuur et al. (2009) places “species does not 

saturate its entire suitable habitat by chance” as true zeros, even though this scenario 

appears to address the same source of zeros placed by Zuur within the ‘false zeros’ 

category (see Table 4.1 in Martin et al. (2005), reproduced here in Figure A-2 in 

Appendix A). 

For this study, zeros were determined to be both false and true. However, the vast 

numbers of zeros were thought to result from beetles simply not encountering a large 

number of trees because they had already located suitable hosts. Classification of zeros in 

this study was as follows: 

True zeros: 1) Trees that were rejected or remained undetected by female 

EABs despite active infestation in the vicinity (i.e., they were not 

selected). 
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2) Trees that had already been killed and were no longer suitable 

for oviposition. 

False zeros:  1) Trees in which EAB adults emerged from above the sampled 

portion of the bole. Adult beetles often emerge from the canopy of 

large trees (greater than 20 cm DBH) before infesting the lower 

trunk (Ryall et al. 2011). However, few trees in this study were 

larger than 20 cm DBH, and therefore this was not presumed to 

make up a large portion of the zero values observed here. 

2) Trees that remained uninfested because ovipositing EAB 

females first encountered trees nearer to their tree of emergence 

(i.e., trees that were not near the active infestation). It is suspected 

that most female EABs oviposit on trees nearest to those from 

which they emerged (Mercader et al. 2009). 

Zeros were therefore assumed to be a result of four processes: (i) trees that were 

rejected for use as hosts, (ii) dead trees, (iii) infested trees that were not detected by the 

observer, or (iv) uninfested trees that females had not encountered because they did not 

need to use them yet. Most zero values in this study were due to a large portion of trees 

within each plot that were not yet infested (category iv), but were anticipated to be later 

used for oviposition as the infestation spread. A lack of exit holes on dead trees was 

accounted for with the inclusion of crown health in the models. Crown health data were 

only available from 2008 to 2011; however, little tree mortality occurred before 2008. 

Zero-inflated models can be constructed using Poisson (ZIP) or negative binomial 

(ZINB) distributions, depending on whether or not the count data are overdispersed. In 
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this study, there did appear to be overdispersion in the count data; ZINB models were an 

improvement over ZIP models when comparing AIC values of paired full models. 

However, resulting ZINB models for each year frequently produced “NaNs” (“not a 

number”), an accompanying error message, and missing values for one or more variables 

in the full model and in up to 12 of the 14 alternate models, nullifying accurate model 

selection. The only year in which ZIP models yielded NaNs was 2007, and they only 

occurred in three of the 12 alternate models (there were fewer alternate models in 2006 

and 2007 compared to the remaining years because the crown health variable could not 

be included). This was a great improvement over the results of the ZINB models. 

Consequently, all modelling was conducted using Poisson distribution. 

In determining which measure of ‘openness’ to use in the models, full models 

were run for each year including the alternate measures of counts and basal areas of a) all 

trees; and b) green ash stems only, at each of the two distances of 2.5 m and 5 m from 

each individual ash tree. The best measures for each of the count and basal area values to 

use in the final analyses were selected using AICs, such that one basal area measurement 

and one stem count were included in the final model. Both were included in the final 

model because there was a lack of collinearity between ash basal area and stem count 

values, likely due to differences in the sizes of stems. In determining whether to include 

the crown health value from the current year or the preceding year in each annual model, 

full models were run with each of the two alternate crown values for each year, and AIC 

values were compared. This could only be performed for the years 2009, 2010, and 2011 

because the crown health for the preceding year was required (recall data were only 

available from 2008 onwards). 
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Alternate versions of the full model were generated by dropping each variable in 

turn, first from the count portion of the model, and then from the logistic portion (Table 

4.2). All models were applied using the zeroinfl() function in R. Exit hole counts were 

used in the models, rather than density, so that DBH could be included in the models. 

Using exit hole densities, which were calculated using the DBH of each tree in order to 

determine the surface area sampled, in models constructed to determine the influence of 

tree diameter on exit hole density would be tautological and redundant. Surface area was 

added as ‘offset’, which takes into account the area available for oviposition, 

standardizing the differences between trees of different DBHs. A generalized version of 

the R code for the full model is shown below, where the portion before the “ | ” represents 

the count portion, and after is the logistic portion: 

Full_model <- zeroinfl (# exit holes ~ N distance + W distance + crown class 

+ DBH + basal area + stem count + crown health | N distance + W distance 

+ crown class + DBH + basal area + stem count + crown health, offset = 

log(SA), data = Holes, dist = "poisson", link = "logit", model = TRUE, y = 

TRUE, x = FALSE) 

 

AIC values were obtained for all models, and alternate models with values that 

were near to or less than that of the full model were noted. Using the lrtest() function of 

the lmtest package, each alternate model was then compared to the full model. The 

pairing with the least significant difference (which usually corresponded to the alternate 

model with the lowest AIC, usually lower than the full model, but always at least nearly 

equal) identified the variable that could be dropped from the model (Zuur et al. 2009). 

Manual “backward” selection was then used to fit the best model according to the AIC. In 

this process, the alternate model with the dropped term now became the subsequent full 

model, and the AIC and lrtest process was repeated with the new alternate models with  
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Table 4.2. Variables included in optimized annual ZIP models of EAB emergence at Point Pelee National Park. 
Year Df Count portion (estimates number of exit holes) Logistic portion (estimates probability of false zeros) 

2006 11 crown class + DBH + basal area + stem count west distance + crown class + DBH + basal area + stem count 

2007 6 north distance + west distance west distance + stem count 

2008 10 north distance + west distance + crown class + DBH + basal area + 

crown health 

west distance + crown health 

2009 10 west distance + crown class + basal area + stem count + crown health west distance + DBH + crown health 

2010 11 north distance + west distance + DBH + basal area + stem count + 

crown health 

west distance + DBH + crown health 

2011 10 north distance + west distance + DBH + basal area + crown health west distance + crown class + DBH 
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sequentially dropped terms. This was done iteratively until all lrtest pairings resulted in 

significant values, meaning no more terms should be dropped from the model, and the 

resulting model was considered optimized. This was conducted for each year of data, 

from 2006 to 2011. 

Estimates of the optimized model were obtained using the summary() function 

and were used to generate curves depicting the relationships between each significant 

variable within each annual model and 1) exit hole counts; and, 2) the probability of false 

zeros (Figures 4.16-4.25). Equations used to generate these curves were obtained from 

Zuur et al. (2009), and are as follows: 

     
          (              ) (              )  (1) 

and 

    
             (              )  (              )

                (              )  (              )
   (2) 

 

where   µ is the exit hole count estimate for the 𝑖th value of a 

variable 

and   π is the probability of false zeros occurring at the 𝑖th value. 

 

These curves were used to interpret the influence of each variable on exit hole counts and 

on the probability of false zeros occurring within the data. 

  



93 
 

4.4 Results 

4.4.1 Spatial and temporal variation in host variables 

Variation was detected among the study plots and subplots in all host and stand 

variables and in annual exit hole densities and crown health values. Means of each 

variable by plot and by subplot are given in Tables 4.3 and 4.4. 

Table 4.3. Means ± SE of variables included in annual models of EAB emergence (in 

terms of the number of exit holes observed on each tree) at Point Pelee National 

Park, by study plot. 
 Plot 

Variable 

1 

(N=36) 

2 

(N=218) 

3 

(N=79) 

4 

(N=60) 

5 

(N=51) 

6 

(N=157) 

DBH (cm) 12.5 ± 2.3 6.2 ± 0.4 7.3 ± 0.8 8.2 ± 1.0 6.4 ± 1.0 6.1 ± 0.3 

Crown class 3.4 ± 0.2 3.9 ± 0.1 3.0 ± 0.2 3.3 ± 0.2 3.3 ± 0.2a 3.5 ± 0.1 

Basal area (m
2
)* 0.59 ± 

0.20 

0.56 ± 

0.11 

0.54 ± 

0.13 

0.52 ± 

0.15 

0.50 ± 

0.09 

0.59 ± 

0.24 

Stem count* 11.2 ± 1.0 25.2 ± 1.8 12.4 ± 1.1 8.0 ± 1.2 12.6 ± 0.9 16.9 ± 1.0 

Exit hole densities 

(#/m
2
) 

      

2006 1.6 ± 0.9 0.09 ± 

0.04 

0.85 ± 

0.29 

0.30 ± 

0.18 

2.5 ± 1.0 0.06 ± 

0.04 

2007 6.0 ± 2.5 0.22 ± 

0.09 

1.4 ± 0.4 0.91 ± 

0.35 

2.1 ± 1.0 0.19 ± 

0.06 

2008 5.5 ± 2.1 1.5 ± 0.5 10.9 ± 2.6 3.3 ± 2.0 10.2 ± 4.5 0.77 ± 

0.26 

2009 14.5 ± 4.9 6.2 ± 1.6 13.0 ± 2.9 15.6 ± 4.7 15.5 ± 5.4 9.25 ± 2.3 

2010 5.3 ± 1.9 3.4 ± 0.8 5.1 ± 1.5 3.6 ± 1.1 5.0 ± 2.2 4.1 ± 1.3 

2011 4.4 ± 3.8 1.5 ± 0.3 2.2 ± 0.6 2.3 ± 1.5 6.7 ± 2.6 4.5 ± 1.0 

Crown health       

2008 2.5 ± 0.3 1.7 ± 0.1 2.1 ± 0.1 2.1 ± 0.2 1.8 ± 0.2 1.2 ± 0.1 

2009 3.0 ± 0.3 1.9 ± 0.1 3.0 ± 0.2 2.8 ± 0.2 2.1 ± 0.2 1.5 ± 0.1 

2010 3.5 ± 0.3 2.2 ± 0.1 3.6 ± 0.2 3.1 ± 0.2 2.6 ± 0.3 1.8 ± 0.1 

2011 4.0 ± 0.3 3.0 ± 0.1 4.1 ± 0.2 3.3 ± 0.2 3.3 ± 0.3 2.6 ± 0.2 

* Sample size was lower in each plot for basal area and stem counts than for other variables because 5 

metre buffers that intersected with the plot borders were omitted from analyses; n for each plot for basal 

area calculations were as follows: Plot 1=21; Plot 2=188; Plot3=57; Plot4=14; Plot5=28; and Plot 6=114. 

 

Although there was not a great difference in tree diameters among the study plots, 

trees in Plot 1 had a significantly greater median DBH than trees in the other plots, and 

the data contained within the interquartile range plus the upper whiskers (25-100% of the 

data) as well as the maximum outlier were higher than in the other plots (Figure 4.3a).  
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Table 4.4. Means ± SE of variables included in annual models of EAB emergence (in 

terms of the number of exit holes observed on each tree) at Point Pelee National 

Park, by subplot. 

 
 Subplot 

Variable 

a 

(N=112) 

b 

(N=38) 

c 

(N=150) 

d 

(N=295) 

DBH (cm) 10.2 ± 0.7 5.1 ± 0.4 7.3 ± 0.9 5.8 ± 0.2 

Crown class 2.0 ± 0.1 2.3 ± 0.2 3.9 ± 0.1 4.0 ± 0.1 

Basal area (m
2
)* 0.47 ± 0.08 0.45 ± 0.08 0.55 ± 0.14 0.59 ± 0.17 

Stem count* 12.8 ± 1.0 13.8 ± 1.2 16.6 ± 1.4 21.8 ± 1.7 

Exit hole densities (#/m
2
)     

2006 1.5 ± 0.4 3.2 ± 1.2 0 ± 0 0.02 ± 0.02 

2007 3.6 ± 0.8 3.0 ± 1.3 0.19 ± 0.15 0.03 ± 0.02 

2008 14.0 ± 2.2 14.7 ± 6.0 0.32 ± 0.19 0.17 ± 0.09 

2009 36.2 ± 4.6 12.0 ± 3.4 6.6 ± 2.0 2.0 ± 0.4 

2010 6.6 ± 1.9 3.5 ± 1.6 4.5 ± 1.1 3.0 ± 0.6 

2011 1.1 ± 0.8 2.8 ± 1.2 4.6 ± 1.3 3.1 ± 0.6 

Crown health     

2008 3.0 ± 0.1 2.2 ± 0.3 1.3 ± 0.1 1.4 ± 0.1 

2009 4.2 ± 0.3 2.5 ± 0.3 1.6 ± 0.1 1.5 ± 0.1 

2010 4.7 ± 0.1 3.0 ± 0.3 2.1 ± 0.1 1.8 ± 0.1 

2011 4.9 ± 0.1 3.9 ± 0.3 2.8 ± 0.2 2.6 ± 0.1 

* Sample size was lower in each subplot for basal area and stem counts than for other variables because 5 

metre buffers that intersected with the main plot borders were omitted from analyses; n for each plot for 

basal area calculations were as follows: ‘a’ subplots=31; ‘b’ subplots=24; ‘c’ subplots=130; and ‘d’ 

subplots=237. 

 

The Kruskal-Wallis test identified that the difference in the DBHs between plots was due 

to a significantly greater mean DBH in Plot 1 than in Plots 2 and 5 (see letters above each 

column in Figure 4.3a). 

Crown class was inconsistent among plots (Figure 4.4a). The Kruskal-Wallis test 

detected significant variation in among the six plots, which was revealed to be due to a 

higher crown class in Plot 2 compared to Plots 3 and 6. 

The basal area of all stems within 5 meters of each ash tree was also variable by 

plot, without a clear trend (Figure 4.5a). The Kruskal-Wallis test identified significant 

differences among plots, which resulted from ash trees in Plot 2 having higher basal areas 

surrounding them than did trees in Plots 5, but lower than in Plot 6. 



95 
 

 
Figure 4.3. Ash tree (N=601) diameters at breast height (DBH) within the study 

plots a) by plot; and b) by subplot. Comparisons among plots and subplots were 

made using the Kruskal-Wallis test followed by multiple pairwise comparisons. 

Letters above each column identify significant differences, where the same letters 

indicate that there was no difference in medians. 

 

The numbers of stems of all species in the 5 metres surrounding each ash tree 

varied dramatically among the six plots; Plot 2 had the widest range of values and had the 

highest median stem count values (Figure 4.6a). The Kruskal-Wallis test identified  

significant variation by plot, which was a result of a number of pairwise differences. 

These are indicated by the letters above each column in Figure 4.6a.  

By subplot, the median DBH value and the upper three quartiles were higher in 

the ‘a’ (westernmost) subplots as compared to the other three subplots (Figure 4.3b). The 

Kruskal-Wallis test revealed a significant difference in DBHs due to a greater DBH in the 

‘a’ subplots compared to all other subplots. 
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Figure 4.4. Crown classes of ash trees within the study plots (N=601) a) by plot; and 

b) by subplot. Crown classes are defined as follows: ‘1’ = open-growing; ‘2’ = 

dominant; ‘3’ = codominant; ‘4’ = intermediate; and ‘5’ = supressed. Comparisons 

among plots and subplots were made using the Kruskal-Wallis test followed by 

multiple pairwise comparisons. Letters above each column identify significant 

differences, where the same letters indicate that there was no difference in medians. 

 

 

Crown class was similar in the ‘a’ and ‘b’ subplots and in the ‘c’s and ‘d’ 

subplots, but these two pairings were different from each other. The medians and ranges 

indicated a high number of open growing trees in the western half of the plots (‘a’ and ‘b’  

subplots, and a high number of intermediate (sub-canopy) trees in the eastern half of the 

plots (‘c’ and ‘d’ subplots) (Figure 4.4b). This was confirmed by the Kruskal-Wallis test. 

Inspection of basal areas identified that the eastern halves of the plots had higher 

median basal area values and ranges than did the western halves of the plots (Figure 

4.5b). The Kruskal-Wallis test confirmed this variation, which was due a smaller basal 

area in both the ‘a’ and ‘b’ subplots than in the ‘c’ and ‘d’ subplots. 
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Figure 4.5. Basal areas of all trees within 5 meters of each ash tree in the study plots 

(N=601) a) by plot; and b) by subplot. Comparisons among plots and subplots were 

made using the Kruskal-Wallis test followed by multiple pairwise comparisons. 

Letters above each column identify significant differences, where the same letters 

indicate that there was no difference in medians. 

 

The medians of stem counts among subplots were not extremely different; 

however the ‘c’ subplots had more high outlier points and the ‘d’ subplots contained a 

larger range of stem counts than did the other three subplots (Figure 4.6b). This variation 

was significant, and was identified by the Kruskal-Wallis test to be due to a higher stem 

count in the ‘d’ subplots compared to all other subplots. 

 

4.4.2 Spatial and temporal variation in EAB emergence 

There was a peak in EAB emergence in 2009 (Figure 4.7). Also in that year 13 

trees displayed very high exit hole densities, ˃125 holes/m
2
. There was as a single 

occurrence of such high densities in each of 2008, 2010 and 2011. These few trees  



98 
 

 
Figure 4.6. Stem counts of all trees within 5 meters of each ash tree in the study 

plots (N=601) a) by plot; and b) by subplot. Comparisons among plots and subplots 

were made using the Kruskal-Wallis test followed by multiple pairwise 

comparisons. Letters above each column identify significant differences, where the 

same letters indicate that there was no difference in medians. 

 

contributed substantially more beetles to the emerging population compared to other trees 

in the study plots. A high number of zero values (no exit holes) each year resulted in 

zero-value medians for all years. There was a significant difference in exit hole densities 

(in all plots pooled together) between each pair of consecutive years, except between 

2010 and 2011 (Table 4.5). 

When these data are separated by plot, a weak north to south trend can be seen 

over time (Figure 4.8). The relatively homogeneous outliers in exit hole densities among 

all plots within each year from 2006 to 2011 suggests similar levels of annual infestation 

among all plots, however the differences in the magnitude of the y-axis between years is 

the result of the large differences in EAB emergence between years. 
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Investigated annually, significant differences in exit hole densities were revealed 

among the six plots from 2006 to 2009, but not in 2010 or 2011 (Kruskal-Wallis test). 

Pairwise comparisons of plots within each year did not, however, detect differences 

between any two plots in 2006 or 2007, which may be due the low number of infested 

trees during these years. In both 2008 and 2009, pairwise comparisons identified higher 

exit hole densities in Plot 3 compared to Plots 2 and 6 (Figure 4.8). 

 
Figure 4.7. Annual exit hole density in each tree throughout the study area (N=601). 

Densities were calculated by dividing the number of new exit holes counted annually 

on each tree by the surface area of the tree (using the diameter of the tree in meters 

and a height of 1.8 meters). 
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 When separated by subplot, much of the infestation remained in the ‘a’ and ‘b’ 

subplots for most of the study period; however, by 2011 there was a visible increase in 

the ‘c’ and ‘d’ subplots, with fewer new exit holes in the ‘a’ and ‘b’ subplots (Figure 4.9). 

Outliers did not occur as homogeneously in the pooled subplots as they did in the plots; 

in 2006, high outlier points mainly occurred in the ‘a’ and ‘b’ subplots, whereas in 2011 

there were more outliers in the ‘c’ and ‘d’ subplots. This suggests that the level of 

infestation was not consistent among the subplots in any given year. 

 

Table 4.5. Results of Wilcoxon rank sign test to determine differences in exit hole 

densities and crown health values at Point Pelee National Park between consecutive 

years during the study period.  

 
 Pairwise Comparisons 

Year Observed Value Year Pairings W P value 

Mean exit hole densities (holes/m
2 
± SE)    

2006 0.49 ± 0.11 - - - 

2007 0.93 ± 0.19 2006 and 2007 588 0.0003 

2008 3.71 ± 0.62 2007 and 2008 523.5 <0.0001 

2009 10.15 ± 1.17 2008 and 2009 5015.5 <0.0001 

2010 4.07 ± 0.54 2009 and 2010 19631.5 <0.0001 

2011 3.06 ± 0.46 2010 and 2011 12696.5 0.1486 

Mean crown health values (± SE)    

2008 1.75 ± 0.05 - - - 

2009 2.09 ± 0.07 2008 and 2009 5159.5 <0.0001 

2010 2.50 ± 0.07 2009 and 2010 2196 <0.0001 

2011 3.17 ± 0.08 2010 and 2011 981 <0.0001 

 

Significant differences in exit hole densities were identified among the four 

subplots in all years except 2010 (Kruskal-Wallis test). Specific pairwise differences are 

indicated by letters above each column in Figure 4.9. Generally, these comparisons 

indicate that variations in exit hole density were the result of a greater number of beetles 

emerging first from the ‘a’ subplots in 2006 and moving to the ‘c’ and ‘d’ subplots by 

2011. 
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Figure 4.8. Annual exit hole densities in study trees (N=601) by plot. Densities were 

calculated by dividing the number of new exit holes counted annually on each tree 

by the surface area observed (using the diameter of the tree and a height of 1.8 

meters). Comparisons among plots and subplots were made using the Kruskal-

Wallis test followed by multiple pairwise comparisons. Letters above each column 

identify significant differences, where the same letters indicate that there was no 

difference in medians. 



102 
 

 
Figure 4.9. Annual exit hole densities in study trees (N=601) by subplot. Densities 

were calculated by dividing the number of new exit holes counted annually on each 

tree by the surface area observed (using the diameter of the tree in meters and a 

height of 1.8 meters). Comparisons among plots and subplots were made using the 

Kruskal-Wallis test followed by multiple pairwise comparisons. Letters above each 

column identify significant differences, where the same letters indicate that there 

was no difference in medians. 
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4.4.3 Spatial and temporal variation in ash crown health 

Crown health values predictably increased during the study period (signifying 

declining tree health). There were significant declines in crown health in all consecutive 

years (Table 4.5). In 2008 and 2009, most trees were generally healthy, but by 2011 

crown health had declined appreciably (Figure 4.10). 

 
Figure 4.10. Annual crown health values of all study trees (N=601). Lower crown 

health values indicate better crown health (1=healthy, 5= dead).  

 

Examining crown health values by plot reveals a north to south (Plot 1 to Plot 6) 

decline in mean crown health over time (Figure 4.11). A progressive decline within each 

plot can also be seen each year from 2008 to 2011; however, this occurred variably. By 

2011 many trees were dead in Plots 1, 3, 4, and 5, while essentially all trees remained 

healthy in Plot 6 (the greater number of trees in Plot 2 skewed median crown health 

values for this plot, as a large proportion were still healthy despite similar numbers of 

dead trees as in the other plots). 
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Significant differences in crown health among the six plots were identified in all 

years by the Kruskall-Wallis test. Pairwise differences detected using this test were 

complex and are demonstrated using letters above each column in Figure 4.11. Generally, 

plots in the southern section of the study area remained healthier for longer than those to 

the north. For example, in 2009, the health of trees in Plot 3 was substantially less than in 

Plot 2, and in 2011, crowns in Plot 6 were healthier than those in Plots 1 and 3. 

Crown health in the ‘a’ subplots was already declining when the study 

commenced in 2008, and by 2011 most of the trees in these subplots were dead (Figure 

4.12). In contrast, the ‘c’ and ‘d’ subplots were just beginning to exhibit substantial 

decline in health by 2011, revealing a west-to-east pattern of declining tree health. 

Declining health within each subplot from one year to the next is also evident. 

Significant pairwise differences in crown health were identified among the four 

subplots each year. Differences are complex and are demonstrated by the letters over 

each column in Figure 4.12. In 2008 and 2009 the ‘a’ subplots had lower tree health than 

all other subplots, which were not different from each other. In 2010, trees in the ‘b’ 

subplots declined in health such that they were less healthy than the ‘d’ subplots but 

remained healthier than those in the ‘a’ subplots. In 2011, the health of trees in the ‘b’ 

subplots declined to be less than that of the ‘c’ subplots. Only the ‘c’ and ‘d’ subplots had 

similar crown health values in this final year of study, and contained healthier trees than 

did the ‘a’ and ‘b’ subplots. 

It should be noted that while median crown health values decreased dramatically 

from 2006 to 2011, 35% of trees remained healthy (CH=1) at the end of the study (data 

not shown; see Chapter 3). 
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Figure 4.11. Annual crown health values of study trees (N=601) by plot. Lower 

crown heath values indicate better crown health. Comparisons among plots and 

subplots were made using the Kruskal-Wallis test followed by multiple pairwise 

comparisons. Letters above each column identify significant differences, where the 

same letters indicate that there was no difference in medians. 
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Figure 4.12. Annual crown health values of study trees (N=601) by subplot. Lower 

crown heath values indicate better crown health. Comparisons among plots and 

subplots were made using the Kruskal-Wallis test followed by multiple pairwise 

comparisons. Letters above each column identify significant differences, where the 

same letters indicate that there was no difference in medians. 
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4.4.4 Modelling the influence of host characteristics on EAB emergence 

Correlation analyses identified some expected correlations within the data, and 

also revealed unexpected lack of association between measures of openness. While exit 

hole density in 2007 was weakly correlated with that of 2006, correlation with the year 

before grew weaker to non-existent over time (Figure 4.13). Some correlation was seen 

between the crown class of each ash tree and its west distance, but the coefficient of 

determination (r
2
) suggested that the relationship only explained 37% of the variation. 

This is likely the result of the gross difference between open growing trees on the beach 

at the eastern end of the plots versus the understory trees at the western end of the plots, 

so in order to detect an influence of tree location on EAB infestation in the intermediate 

locations class was not excluded from further analyses. No significant correlations were 

found between the ‘count’ and ‘basal area’ variables, so both were included in the model 

(Figure 4.14). There was no detectable correlation between exit hole densities in any year 

and north distance, nor was there between exit hole density and west distance, although 

the r
2
 values slightly increased in 2008 and 2009. Crown health was, predictably, 

correlated from one year to the next (Figure 4.15). While there was once again no 

correlation between north distance and crown health, there was a weak correlation 

between crown health and west distance, which increased from 2008 to 2009 and 

decreased thereafter. When all variables that were included in the final model excluding 

exit hole densities and crown health were compared, no substantial correlations were 

detected (Figure 4.14). 

The best measurements of ‘openness’ were, based on AIC values, selected to be 

the one that incorporated ‘5 meters’ and ‘all stems’ (data not shown). Despite a lower  
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Figure 4.13.  Correlation matrix of tree location and annual EAB exit hole densities. 

Variables are listed with associated histograms along the diagonal (“N_Dist” and 

“W_Dist” are the distances of each tree from the north end of the study area and the 

west end of each plot respectively, and “den06” to “den11” indicates observed 

annual exit hole densities from 2006 to 2011). Values below the diagonal include the 

coefficient of determination and associated P value for the assessment of correlation 

between the two variables along the diagonal with which the box is aligned on the 

horizontal and vertical planes. Graphs above the diagonal depict smoothing of the 

two variables with which they align. High correlations are indicated by r
2
 values 

nearing 1 (or -1) and low associated P values, and regression lines nearing 1:1 slopes 

in the positive or negative direction. 
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Figure 4.14.  Correlation matrix of model variables. Variables are listed with 

associated histograms along the diagonal (“N_Dist” and “W_Dist” are the distances 

of each tree from the north end of the study area and the west end of each plot 

respectively, “DBH” represents ash tree diameters, “class” is the crown class of each 

ash tree, “ba_all_5” is the basal area of all trees within 5 meters of each ash tree, 

and “cnt_all_5” is the stem count of all trees within 5 meters of each ash tree). 

Values below the diagonal include the coefficient of determination and associated P 

value for the assessment of correlation between the two variables along the diagonal 

with which the box is aligned on the horizontal and vertical planes. Graphs above 

the diagonal depict smoothing of the two variables with which they align. High 

correlations are indicated by r
2
 values nearing 1 (or -1) and low associated P values, 

and regression lines nearing 1:1 slopes in the positive or negative direction. 
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Figure 4.15.  Correlation matrix of tree location and crown health values. Variables 

are listed with associated histograms along the diagonal (“N_Dist” and “W_Dist” 

are the distances of each tree from the north end of the study area and the west end 

of each plot respectively, and “cr08” to “cr11” represents annual crown health 

values from 2008 to 2011). Values below the diagonal include the coefficient of 

determination and associated P value for the assessment of correlation between the 

two variables along the diagonal with which the box is aligned on the horizontal and 

vertical planes. Graphs above the diagonal depict smoothing of the two variables 

with which they align. High correlations are indicated by r
2
 values nearing 1 (or -1) 

and low associated P values, and regression lines nearing 1:1 slopes in the positive or 

negative direction. 
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AIC value for ‘ash stems only’ at the same distance in 2009, for consistency ‘all stems’ 

was used in the model for each year of the study. The ‘best’ crown health values used in 

the annual models were those corresponding to the model year (data not shown). For 

example, the crown health observed in 2008 was included in the model developed to 

determine the influence of host/stand variables on EAB emergence in 2008 rather than 

emergence in 2009. 

The selected models for each year of the study are given in Table 4.2. Annual 

significance values for each of the variables included within the optimal model for each 

year are given in Table 4.6. Estimates generated for variables that made a significant 

contribution to each annual model (Table 4.7) were used to generate two sets of curves, 

after Zuur et al. (2009): one set demonstrates the probability of false zeros dependent 

upon each variable, and the other depicts exit hole count estimates generated by each 

variable in the model. Model estimates for 2006 were nonsensical despite significance 

values because of the extremely small number of non-zero values, and resulted in curves 

in which the y-axis was either extremely small (10
-11

) or extremely large (10
32

). The lack 

of any significant values in the logistic portion of the model suggests that the ZIP model 

was not able to discriminate between sources of zeros. Curves for 2006 were therefore 

not included in the analyses, and are omitted here. 

Inspection of the curves of the model estimates identified a few variables as the 

greatest contributors to false zeros or to exit hole counts in terms of the number of annual 

models within which each was significant. West distance was the greatest contributor to 

both components of the model (Table 4.6). Tree diameter and crown health also appeared 

to be important predictors of false zeros, while north distance, basal area, and crown  
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Table 4.6. P-values of variables included in annual ZIP models of EAB emergence at Point Pelee National Park. A dash 

(-) indicates the parameter was not included in the model for that year, and ‘NA’ means the data are not available for 

that year. 

 Model Year 

Variable 2006 2007 2008 2009 2010 2011 

Count Model (# exit holes)       

Intercept <0.0001 <0.0001 0.0030 <0.0001 0.2819 <0.0001 

north distance - <0.0001 <0.0001 - 0.0018 <0.0001 

west distance - 0.0160 <0.0001 <0.0001 <0.0001 <0.0001 

crown class 0.0001 - 0.0056 <0.0001 - - 

DBH 0.0959 - <0.0001 - <0.0001 <0.0001 

basal area <0.0001 - 0.0006 <0.0001 <0.0001 0.0103 

stem count <0.0001 - - <0.0001 <0.0001 - 

crown health NA NA <0.0001 <0.0001 <0.0001 <0.0001 

Logistic Model (probability of false zeros)      

intercept 0.342 0.0225 0.5775 0.0690 <0.0001 0.0025 

north distance - - - - - - 

west distance 0.342 <0.0001 <0.0001 0.0179 0.0183 0.0005 

crown class 0.363 - - - - 0.0069 

DBH 0.354 - - 0.0037 0.0083 0.0072 

basal area 0.341 - - - - - 

stem count 0.341 0.0536 - - - - 

crown health NA NA 0.0179 <0.0001 <0.0001 - 
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Table 4.7. Estimates (± standard error) of significant variables included in annual ZIP models of EAB emergence. A 

dash indicates the parameter was not included in the model. ‘ns’ indicates the parameter was not significant within the 

model. An intercept value within brackets indicates that the value was not significantly different from zero, but was 

included in the generation of curves. 

 Model Year 

Variable 2006 2007 2008 2009 2010 2011 

Count Model(# exit holes)      

intercept -23.9 ± 5.6 2.7 ± 0.2 -2.2 ± 0.7 2.7 ± 0.1 (0.24 ± 0.22) 2.3 ± 0.2 

north distance - -7.8x10
-4

 ± 2.3x10
-4 

9.1x10
-4

 ± 8.7x10
-5 

- 1.0x10
-2

 ± 3.3x10
-5 

1.6x10
-4

 ± 3.9x10
-5 

west distance - -0.02 ± 0.008
 

-0.04 ± 0.006
 

-0.01 ± 0.002 0.01 ± 0.002
 

- 0.01 ± 0.003
 

crown class 1.2 ± 0.3 - 0.13 ± 0.05 -0.23 ± 0.03
 

-
 

- 

DBH ns - 0.06 ± 0.009
 

-
 

0.04 ± 0.003
 

-0.03 ± 0.003
 

basal area 61.2 ± 13.7 - 4.1 ± 1.2
 

2.4 ± 0.1
 

-2.6 ± 0.3
 

0.59 ± 0.23
 

stem count -0.68 ± 0.14 - - -0.02 ± 0.004
 

0.05 ± 0.004
 

- 

crown health NA NA 0.53 ± 0.05 0.45 ± 0.12
 

0.43 ± 0.03
 

0.24 ± 0.03 

Logistic Model (probability of false zeros)     

intercept (-452 ± 476) -1.82 ± 0.80 (-0.41 ± 0.73) (1.0 ± 0.6) 3.5 ± 0.6 1.7 ± 0.6 

north distance - -
 

- - -
 

- 

west distance ns 0.06 ± 0.01
 

0.07 ± 0.01
 

0.02 ± 0.008
 

-0.02 ± 0.008
 

-0.03 ± 0.008
 

crown class ns - - - - 0.37 ± 0.14 

DBH ns - - -0.08 ± 0.03
 

-0.05 ± 0.02 -0.05 ± 0.02
 

basal area ns -
 

- - - - 

stem count ns ns - - - - 

crown health - - -0.46 ± 0.20 -0.45 ± 0.12 -0.47 ± 0.08
 

-
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health were good predictors of exit hole counts over the entire duration of the study. Each 

annual model is discussed below. 

In 2007, exit hole count estimates decreased with both the north and the west 

distance (Figure 4.16). The y-axis magnitudes of these curves suggest that, beyond 

statistical significance, both these variables played a considerable role in the number of 

exit holes observed on annually study trees. In other words, tree location in either 

direction influenced the level of EAB infestation in terms of emerging beetles. The 

increase in false zeros from west to east (Figure 4.17), the only significant variable in the 

logistic portion of the model, suggests that the model interpretation of false zeros aligned 

with the assumption that a portion of trees remained uninfested because ovipositing 

beetles encountered trees nearer to their tree of emergence; since most of the infestation 

was in the ‘a’ subplots in that year, trees in the eastern portions were mostly uninfested. 

Several variables contributed to exit hole estimates in 2008, to varying degrees. 

The main contributor, based on the magnitude of the y-axis, was ash basal area, which 

increased with increasing exit hole counts (Figure 4.18). Tree diameter, while estimating 

far fewer exit holes, was the second greatest contributor, and also indicated a positive 

relationship. Recall that including surface area as an offset means that tree size has been 

taken into consideration, but without actually including the size of each tree in the 

observations of EAB emergence. Both of these curves had exponential slopes, suggesting 

that the variables had their greatest effect in their upper ranges. North distance, crown 

class, and crown health had far lesser positive influences on exit hole counts, and west 

distance had a similarly small negative effect. While these effects were significant in the 

model, estimates were very small compared to the main contributors. The contribution 
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Figure 4.16. Curves of exit hole count estimates generated using values from the 

optimal ZIP model for 2007. Curves were generated only for variables that 

contributed significantly to the annual model. In 2007, this was the distance of each 

ash tree from the northern limit of the study area and the distance of each tree from 

the western edge of each plot. 

 

 
Figure 4.17. Curve of the probability of false zeros generated using values from the 

optimal ZIP model for 2007. Curves were generated only for variables that 

contributed significantly to the annual model. In 2007, that was only the distance of 

each ash tree from the western edge of each plot. 
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Figure 4.18. Curves of exit hole count estimates generated using values from the 

optimal ZIP model for 2008. Curves were generated only for variables that 

contributed significantly to the annual model. In 2008, these were the distance of 

each ash tree from both the northern limit of the study area and from the west edge 

of each plot, the crown class, stem diameter, and crown health of each ash tree, and 

the basal area of all stems in the 5 meters surrounding each ash tree. 
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of crown health to exit hole estimates should not be taken to mean that declining crown 

health caused more exit holes to be observed, as crown health was included in order to 

account for the effect of the exit holes on crown health and for a lack of exit holes in dead 

trees. Logistic component curves suggest that the chance of false zeros was high in the 

eastern portion of each plot; the probability increased to nearly 100% for the eastern half 

of the plots (Figure 4.19). A small contribution to false zeros as a result of low crown 

health values (healthy trees) reflects the lack of exit holes on healthy trees throughout the 

study site, even within the western portion of the plots. 

 
Figure 4.19. Curve of the probability of false zeros generated using values from the 

optimal ZIP model for 2008. Curves were generated only for variables that 

contributed significantly to the annual model. In 2008 these were the distance of 

each ash tree from the western edge of each plot and the crown health of each ash 

tree. 

 

The greatest contributor to exit hole counts in 2009 was the basal area of all 

species within 5 metres of each ash tree (Figure 4.20); however the magnitude of the y-

axis predicting the number of exit holes was extremely high. Considering basal area did 
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not behave this way in any other annual model within which it was included, it is unclear 

why it so greatly over-estimated the exit hole count in this year. Basal area is therefore 

not considered to be a reliable estimator in 2009, which calls estimates in other years into 

question as well. The next greatest contributor was crown health; however, this should 

not be considered in estimates of exit holes for the reasons described previously. West 

distance, crown class, and stem count all affected the exit hole estimates in the same way; 

as each variable increased, the number of estimated exit holes decreased. By y-axis 

magnitude, all of these factors had approximately the same effect on exit hole estimates 

in this year. Together, these variables suggest that trees that were more infested were 

experiencing declining health, were located further to the west, were open growing (by 

crown class), and had few trees within 5 metres of them. While the last two parameters 

appear redundant, they address two different measures of the density of surroundings: 

crowns and stems, and provide support to the conclusion that trees that were growing in 

more open areas had higher infestation intensity in 2009. The probability of false zeros 

increased from west to east (but with a fairly high probability over the whole distance), 

and decreased with tree diameter and crown health, suggesting that false zeros were 

generated by trees in the east portion of the plots with small diameters and healthy 

crowns (Figure 4.21). 

Exit hole estimates in 2010 were influenced most by the north distance, tree 

diameter, and the stem count of all trees within 5 meters, and to a lesser extent by west  

distance; the relationship with crown health was substantial (but not explanatory), 

indicating that by this time many infested trees had died (Figure 4.22). These 

relationships were all positive. Basal area had a slight negative effect. The positive  
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Figure 4.20. Curves of exit hole count estimates generated using values from the 

optimal ZIP model for 2009. Curves were generated only for variables that 

contributed significantly to the annual model. In 2009 these were the distance of ash 

each tree from the western edge of each plot, the crown class and crown health of 

each ash tree, and the basal area and stem count of all stems within 5 meters of each 

ash tree. 
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Figure 4.21. Curves of the probability of false zeros generated using values from the 

optimal ZIP model for 2009. Curves were generated only for variables that 

contributed significantly to the annual model. In 2009 these were the distance of 

each ash tree from the western edge of each plot, and the stem diameter and crown 

health of each ash tree. 

 

influence of increased stem count on the exit hole estimate appears to contradict the 

negative influence of the smaller basal area; however in the eastern portion of most plots 

there are many small stems which would fit this condition (see boxplots, Figs. 4b and 5b). 

Therefore, trees with more exit holes in 2010 tended to be large, dying trees in the eastern 
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portion of the southern plots that were surrounded by many small trees. The curves for 

the probability of false zeros in 2010 suggest that the most false zeros occurred to the 

west, in small trees with healthy crowns (Figure 4.23). This is unexpected and may 

reflect small trees in the west portion of the plots that were passed over by ovipositing 

females. If that is the case, it means that the model did not correctly assign zeros to the 

count and logistic portions of the model, and that true zeros indicating host selection were 

treated as false zeros. 

In 2011 exit hole counts were best estimated by crown health (Figure 4.24). While 

this is once again not surprising, it does not really give any information on which trees 

may be selected by EAB females. The next greatest contributors were the north and west 

distances. Most of the exit holes were once again in the west portion of the plots. This is 

counterintuitive, as previous year models had suggested the infestation had begun to 

move east. However, increasing exit hole estimates with increasing north distance 

suggest that by 2011 the plots to the south were continuing to be more infested than the 

northern plots, and the west distance curve indicates that the infestation in those plots was 

near the beach. Tree diameter also had an influence; exit hole estimates decreased with 

increasing DBH, indicating smaller trees had become more infested. Exit hole estimates 

also slightly increased with increasing basal area surrounding each tree. Therefore, in 

2011 trees with higher infestation were smaller trees to the north, near the beach, and 

with increasing surrounding basal area. The highest number of false zeros occurred in 

small understory trees growing to the west, as in 2010 (Figure 4.25). 

Table 4.8 provides a summary of the effects of each variable on exit hole count 

estimates and the probability of false zeros generated by the annual models. 
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Figure 4.22. Curves of exit hole count estimates generated using values from the 

optimal ZIP model for 2010. Curves were generated only for variables that 

contributed significantly to the annual model. In 2010, these were the distance of 

each ash tree from both the northern limit of the study area and from the west edge 

of each plot, the stem diameter and crown health of each ash tree, and the basal area 

and stem count of all trees in the 5 meters surrounding each ash tree. 
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Figure 4.23. Curve of the probability of false zeros generated using values from the 

optimal ZIP model for 2010. Curves were generated only for variables that 

contributed significantly to the annual model. In 2010, these were the distance of 

each ash tree from the western edge of each plot, and the stem diameter and crown 

health of each ash tree. 
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Figure 4.24. Curves of exit hole count estimates generated using values from the 

optimal ZIP model for 2011. Curves were generated only for variables that 

contributed significantly to the annual model. In 2011, these were the distance of 

each ash tree from the both northern limit of the study area and from the western 

edge of each plot, the diameter and crown health of each ash tree, and the basal area 

of all stems within 5 meters of each ash tree. 
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Figure 4.25. Curve of the probability of false zeros generated using values from the 

optimal ZIP model for 2011. Curves were generated only for variables that 

contributed significantly to the annual model. In 2011, these were the distance of 

each ash tree from the western edge of each plot and the crown class and health of 

each ash tree. 

 

  



126 
 
 

Table 4.8. Summary of direction of effects on the number of exit holes and on the probability of 

false zeros of each variable. Direction of effects are indicated (‘+‘ indicates a positive significant 

relationship and ‘-’ indicates a significant negative relationship) and are based on the shape of the 

curves for the variables generated from model estimates each year. Boxes indicate variables with a 

greater influence relative to other variables within that year. ‘NA’ denotes variables that were not 

included in the model for that year, and ‘ns’ indicates that the variable did not significantly 

contribute to the model. 
 Model Year 

Variable 2007 2008 2009 2010 2011 

Count Model(# exit holes)     

north distance - + NA + + 

west distance - - - + - 

crown class NA + - NA NA 

DBH NA + NA + - 

basal area NA + + - + 

stem count NA NA - + NA 

crown health NA + + + + 

Logistic Model (probability of 

false zeros) 

   

north distance NA NA
 

NA NA NA
 

west distance + + + - - 

crown class NA NA NA NA + 

DBH NA NA - - - 

basal area NA NA NA NA NA 

stem count ns NA NA NA NA 

crown health NA - - - NA 
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4.5 Discussion 

In this study the intensity of emerald ash borer infestation varied according to host 

and stand characteristics within each year. Further, the way that those characteristics   

influenced tree-level infestation changed over the course of the infestation. While 

infestation pressure in terms of the number of emerging EAB beetles changed 

substantially over time as the population grew and subsided, comparisons within each 

year allowed the effect of host and stand variables on annual EAB infestation to be 

explored despite these temporal changes to the EAB population. 

Reasons behind the sharp decline in EAB emergence in my plots after 2009 

(Figure 4.7) are not clear. Over one third of the available stems above 2.5 cm DBH 

remained healthy by the end of the study in 2011 (see Chapter 3). Characteristics of 

individual ash hosts and their surroundings may have affected female host selection or 

detection, resulting in dispersal of these females out of my study plots in search of more 

suitable host trees than were left in the study plots. However, no studies to date have 

simultaneously reported emerald ash borer population dynamics along with the health of 

ash trees over time. If host or stand characteristics have a large enough effect on host 

selection, beetles may have flown out of the study plots after preferred hosts within the 

plots were killed. This does not preclude beetles from infesting the unused study plot 

trees later after other nearby hosts have been killed. 

Modelling false zeros using ZIP modelling effectively removed excess zeros from 

the data, enabling more accurate modelling of the information that contributed to exit 

hole counts. This type of modelling was preferable to hurdle models because zeros could 
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be included within the count portion (Zuur et al. 2009). This is important in order to 

detect variables that may cause females to reject trees; otherwise all trees without exit 

holes would be viewed the same way. Recall that the origins of the four anticipated types 

of zeros did not have the same biological foundation (rejection vs. lack of exposure). 

Within the study plots the most consistent factor in estimating exit hole counts as 

well as the probability of false zeros occurring was the distance of each tree from the 

western edge of each plot. Because this contribution appeared to be greater than the 

measures of openness that were incorporated into the models (which included the two 

direct measures of basal area and stem count, and also the indirect measure of crown 

class, which appeared to influence EAB dispersal only in some years), it cannot be 

assumed that the consequence of west distance on infestation is due only to changes in 

habitat density from west to east (scattered trees to dense forest). Movement in the east 

direction may be in large part due to random diffusion to uninfested trees (Skellam et al. 

1951), and only appears unidirectional because of a lack of hosts to the west. 

Overall dispersal direction from 2006 to 2011 is identified in both the west 

distance and north distance curves of exit hole estimates. Beetles could not disperse west 

of the study area because of the placement of the plots adjacent to the beach; no trees 

occur west of any plots until one reaches the two nearest islands in Lake Erie, Pelee 

Island, which is nearly 14 km away at its closest point, and East Sister Island, which is 

approximately 20 km away. Dispersing EABs tend to seek nearby hosts (McCullough et 

al. 2005b, Mercader at al. 2009). Therefore, despite the presence of ash trees on islands 

west of the study plots at Point Pelee, the majority of beetles were expected to remain 

within the park on the mainland. 
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Movement along the north/south axis (i.e., along the beach), identified by north 

distance curves, was an important contributor to exit hole estimates in only 2007, 2010, 

and 2011. The change in the sign of the slope between 2007 and 2010 suggests that there 

was north-to-south movement of the infestation despite the years in which the north 

distance did not significantly contribute to count estimates. The negative slope in 2007 

indicated that most of the infestation was in the more northern plots, whereas the positive 

slope in 2010 and 2011 signified a shift, whereby most of the infestation occurred in the 

southern plots. The exit holes in the intervening years may have been distributed more or 

less evenly along most of the north/south axis as the infestation moved south, such that 

there was no discernible southward trend in these years. 

The distance of trees from the west edge of each plot played a more complex role 

in the exit hole count estimates. The slope of the curves changed twice; it was negative 

from 2007 to 2009, meaning there were more holes in the western portion of the plots, 

reversed to positive in 2010, meaning holes were now higher in the east, but changed 

back to negative in 2011. This may reflect the relatively new infestation in the southern 

plots, suggesting that the infestation in these plots was once again nearer to the beach. If 

this is the case, it seems that the beetles spread south along the beach, but beetles that 

were not on the leading edge of the southward movement began to disperse to the next 

available resources, which were east into the forest. The study site was revisited in 

October, 2013, and ash trees remained healthy and few new exit holes were observed, 

suggesting that the EAB population at Point Pelee has continued to decline. Due to the 

low level of infestation within the case study plots, it was not possible to determine if the 
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dispersal within the southern study plots had resulted in an eastward movement of the 

local infestation. 

While the relationships between the north and the west distances and the exit hole 

count estimations are not consistent enough to make reliable annual estimates of the rate 

of spread in either direction, some general conclusions can be made. Movement in both 

directions simultaneously has probably resulted in imperfect detection of dispersal 

direction. However it seems that from 2007 (and presumably from 2006, but at a level too 

low to detect) to 2011 there was a net movement of the main infestation from the north to 

the south. While the easterly shift is not as clear, the slope change in 2010 suggests a 

‘tipping point’, when most of the exit holes shifted from existing generally in the west 

end of the plots that had been previously more heavily infested (i.e., the plots to the 

north) to most of the infestation being in the east end of those plots (Figure 4.9). The 

boxplot showing the distribution of the trees in each direction (medians and quartiles; 

Figure 4.1) shows that there were fewer ash trees in the northwest corner than in the rest 

of the study area. This provides support that the higher number of exit holes in the 

northwest corner earlier in the study was not a result of more trees being available to 

become infested. The fact that the median number of trees when assessing east/west tree 

location is quite far to the east and yet remained largely uninfested over the study period 

indicated that there was some reason that trees in this area were undesirable for 

infestation or remained undetected by ovipositing beetles. 

Crown health was identified to be important in estimations of exit hole counts; 

however, this variable was added in order to account for zero data points in conjunction 

with dead trees. Crown health may have had an effect on selection for host trees by 



131 
 
 

female beetles beyond selection against dead trees. Trees are usually serially infested 

until they die, indicating that females may be attracted to trees that have already been 

infested. Crown decline an obvious indicator of reduced tree health due to an existing 

EAB infestation. Female beetle attraction may be caused by the release of bark 

sesquiterpenes upon injury that have been found to be attractive to adult EABs (Crook et 

al. 2008b, McCullough et al. 2009a, McCullough et al. 2009b, Tluczek et al. 2011). 

Increased suitability of dying trees for oviposition because of increased incident light on 

the trunk resulting from the reduction in leaves (Lyons et al. 2009, Wang et al. 2010) may 

contribute to preferential oviposition on already-infested trees, and short typical 

migration distances of emerging beetles may lead to previously infested trees becoming 

reinfested by chance (McCullough et al. 2005b, Mercader at al. 2009). However, because 

declining crown health is caused by EAB infestation and must be included in the model 

in this capacity, and because of the highly significant correlation between the crown 

health of one year and that of the next, its effect on future infestation could not be 

determined using the methodology of this study. 

Ash tree diameter also had a significant effect on exit hole estimates in three of 

the annual models. In 2008 and 2010 larger trees had more emergence holes than did 

smaller ones (after taking the available surface area into account). However, in 2011 the 

smaller trees were more infested than the larger trees. Beetles may have been limited to 

using smaller trees as hosts because of the eastward movement of the core infestation 

(recall that the ‘a’ subplots had a larger median DBH compared to all other subplots) 

coupled with high mortality of larger trees within the areas of active infestation, making 

them unavailable to ovipositing female EABs. The observed delay in dispersal beyond 
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the ‘a’ subplots may have been related to the DBH of trees in this area compared to the 

rest of the subplots, reflecting a selection preference for larger trees. It should be noted 

that most ash trees in the ‘a’ subplots were medium in size, and not the largest in the 

plots. Host tree size may be under direct selection by ovipositing females because optimal 

bark thickness for developing larvae is correlated with the diameter of the stem or branch 

at that location (Timms et al. 2006). This seems to contradict previous observations of 

higher mortality in trees with rougher bark, suggesting that beetles may preferentially 

oviposit on trees with higher bark roughness (the lower portion of large trees; Marshall et 

al. 2013). However, in larger trees bark thickness may lead to infestation first occurring 

in their canopies; the diameter of branches in the canopy of large trees approximates the 

size of smaller trees with optimal bark thickness. Female beetles may oviposit on the 

trunk after the nutritive tissue in the larger branches has been exhausted. 

Crown class patterns among the subplots also may have affected exit hole 

estimates. In 2008, crown class had only a small influence, when larger crown class 

values (understory trees) resulted in a slightly higher exit hole estimate than did open 

grown trees. This effect was small and likely spurious given the results from 2009, when 

the considerably greater slope suggests that open-grown trees (crown class value of ‘1’) 

had far more exit holes than did understory trees (crown class of ‘5’). Comparing 

boxplots of crown class (Figure 4.4) and exit hole densities (Figure 4.9) by subplot 

confirms that this association did occur, providing support that crown class may have 

influenced EAB host selection, slowing spread into the ‘c’ and ‘d’ subplots that contained 

trees with higher crown class values (shorter, understory trees). 
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Basal area and stem count, the two direct measures of openness that were 

included in the annual models, were inconsistent in their effects over the study duration. 

In the two years that both variables were included in the models, 2009 and 2010, their 

estimates resulted in curves with opposite signs. Basal area is not necessarily correlated 

with stem counts within the same area (many small stems can have the same or even 

lower basal area than a few large stems). Inspecting the influence of basal areas and stem 

counts on exit hole estimates indicates differences among the plots and subplots that may 

reveal host selection along the east/west gradient. In 2009, though the number of exit 

holes increased over all plots, the median values were highest in Plots 4 and 5, followed 

by Plot 1. Ash trees in Plots 4 and 5 had the lowest basal area surrounding each ash tree 

of the six plots; trees in Plot 4 also had the lowest surrounding stem count. In 2009 the ‘a’ 

subplots had the highest exit hole densities. Basal areas surrounding each ash tree in the 

‘a’ subplots were only slightly greater than the ‘b’ subplots, which had the lowest basal 

areas of the four subplots, and stem counts were lowest in the ‘a’ subplots. Therefore, in 

2009, when exit hole densities were greatest in Plots 4 and 5, and in the ‘a’ subplots, the 

trees that were available for infestation had generally the lowest surrounding basal areas 

and low stem counts. The two curves (Figures 4.20 and 4.22) suggest that host use was 

not likely due to random infestation of trees but that specific host trees surrounded by 

few, large trees were selected (as indicated by a higher exit hole estimate). By the same 

logic, the opposite slopes of the curves in 2010 suggest that host trees selected in that 

year were surrounded by many small trees. This is supported by field observations that in 

the ‘c’ subplots, where most of the infestation occurred in that year, the majority of trees 

were small and relatively closely spaced. By that time, beetles that remained in the plots 
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may not have had access to optimal host trees because of the high mortality in the ‘a’ 

subplots (over 88% of trees in the ‘a’ subplots had crown health of ‘4’ or greater in 

2010), so a shift to suboptimal trees may have been occurring. 

Geographical variables have, at larger scales, been shown to cause dramatic shifts 

in spread compared to predicted rates, and can result in disproportional spread in the 

cardinal directions (Evans and Gregoire 2007). Although the spread of emerald ash 

borers in both easterly and southerly directions at Point Pelee National Park was probably 

primarily driven by diffusion into areas with unused host resources, the large disparity in 

the rate of movement in the two directions indicates that habitat or host variables had an 

influence on host selection that affected spread. Host variables that were heterogeneous 

among subplots are most likely to have had an impact on this process; these are tree 

diameter, crown class, basal area, and stem counts. The effect of these variables on EAB 

host selection was primarily visualized in 2009, when EAB emergence was high but 

remained largely in the ‘a’ subplots. 

While the effect of basal areas and stem counts on the diffusion of EAB beetles 

across the landscape did not have a consistent influence on the local dispersal of EAB 

beetles, basal area does appear to have an influence on the selection of oviposition 

location. In years that the stem count surrounding each ash tree was also involved in exit 

hole estimates (2009 and 2010), stem count seemed to be related to basal area (though 

opposite). Basal area, however, appeared to have a greater impact on exit hole densities, 

as it was an important component in years when stem count was not, but the reverse was 

not true. In addition, the influence of crown class, which directly assesses open-growing 

versus interior-growing trees, provides support for the EAB preference for open-growing 
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trees. Generally, these conclusions are in agreement with those drawn from existing 

research that open-growing and edge trees are more quickly infested than are interior 

trees (Liu et al. 2003, Lyons et al. 2009, McCullough et al. 2009a, McCullough et al 

2009b). It is important to remember that in this study, the analyses of basal area and stem 

counts did not include extreme edge ash trees (5 meters and closer to the edges of each 

plot) because the buffers intersected with plot boundaries. While the open nature of the 

‘a’ subplots extended further than 5 meters, this still excluded a large number of trees that 

formed the true ‘edge’ of the woodlot along the beach. The results of this study suggests 

that host preference may not be for ‘edge’ trees per se, but for larger trees that are 

surrounded by other larger trees, such as frequently found at woodlot edges but also in 

other open areas. Beetle infestations within widely spaced ash trees may therefore first 

spread equally in all directions. Further research may quantify the relationship between 

basal area and the rate of emerald ash borer dispersal. 

The increased emergence of EAB adults from trees with greater DBHs earlier in 

the study (2008 and 2010) suggests that, if available, EAB females preferentially deposit 

eggs on larger trees. The decreased emergence from larger trees in 2011 most likely 

reflected an absence of larger trees to infest within the areas under active infestation, and 

demonstrates plasticity in host selection when resources are limited. The more rapid 

movement of the active infestation to the south than to the east suggests that the EAB 

infestation did not disperse passively by diffusion, but that host selection slowed 

dispersal to the east. 

Zero inflation modelling has allowed these EAB emergence data, which include 

many trees with no beetle emergence in a given year, to be analyzed for patterns that 
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would otherwise be very difficult if not impossible to visualize. The separation of zeros 

into two types means that trees were handles differently within the model depending on 

their source. This provided more insight into the EAB dispersal patterns at Point Pelee 

over time and space than would a modelling process that assessed EAB presence or 

absence. 
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CHAPTER 5 

General discussion and conclusions 

 

5.1 General discussion and opportunities for future research 

This study was designed to characterize an emerald ash borer infestation at an 

unmanaged site from early in the infestation process and extending over a period of 

several years (2006 to 2011). It was possible to document six years of EAB emergence at 

Point Pelee because of the ability to detect historical emergence for two years prior to 

commencement of fieldwork. The influence of host species (e.g., blue and green ash 

trees) and individual tree and stand characteristics on emerald ash borer population 

dynamics was quantified. Additionally, spatiotemporal changes in beetle emergence were 

assessed along with the resulting impacts to tree health over the duration of the study. 

 

5.1.1 Differential impact of EAB infestation on blue and green ash trees 

Chapter 2 documented the disproportional effects of EAB infestation (density of 

exit holes/m
2
) on green ashes versus blue ashes growing under the same conditions using 

outwardly observable signs of EAB presence and resulting crown health. Declining EAB 

emergence coincided with the death of most of the green ash trees and the first 

occurrence of emergence from blue ashes, however at an extremely low level (a total of 

four exit holes on two of the 64 stems). Though beetle emergence from blue ashes 

increased slightly in 2010, the low number of beetles that emerged at the study site (from 

both green and blue ashes) made it likely that the infestation in blue ashes would remain 

low. A rapid census of blue ash tree health in October 2013 revealed that while a few 
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previously infested trees had succumbed, most remained healthy. Very few additional 

EAB exit holes were observed on blue ash trees within the case study plot.  

Reasons for the disparity in infestation level between the two species could not be 

elucidated given the parameters of this study. Preliminary study of the phenolics of North 

American and Asian ashes, including green and blue ashes, has found differences in 

phloem chemistry between blue ash and all other species studied, including green ashes 

(Whitehill et al. 2010). These authors did not conduct test in order to determine if 

perceived differences in bark compounds are responsible for the observed difference in 

EAB infestation between species. Destructive sampling to inspect under-bark surfaces 

and observe larvae under the bark is required to assess presence/absence of larvae and 

larval mortality. Future studies incorporating these research techniques may determine if 

the disparity seen in the current study was caused by disruptions to any of the processes 

that contribute to the successful development of EAB beetles (egg and larval survival 

through all instar stages, pupation, and emergence), or because of avoidance or rejection 

by ovipositing female EABs. 

EAB beetles only began to infest blue ash trees when the emerging adult 

population was very high and their preferred host trees, green ashes, were mostly dead or 

in very poor health. Even under those conditions only a small number of blue ash trees 

became infested, and most of those at very low levels. It is not anticipated that the Point 

Pelee population of blue ash trees will be greatly affected by EAB infestation, which is a 

positive prediction for a species of special concern in Ontario. Further, the difference in 

impacts to blue and green ashes at Point Pelee provide some hope for blue ash survival in 

other areas, such as on the limestone outcrops of the Central United States where blue ash 
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trees are fairly common. This is supported by the observations that blue ashes growing in 

locations other than Point Pelee have also shown high survival while other ash species 

have been largely eliminated by EAB (southeastern Michigan: Tanis et al., 2012; Pelee 

Island:  Gard Otis, pers. comm.
2
). 

 As green, black, and white ashes continue to succumb to EAB infestation, it is 

likely that many blue ash trees will survive. This means they may become the most 

commonly occurring Fraxinus species in some areas within their current range. However, 

the persistence of blue ash trees will not make a significant contribution to maintaining 

the genus within Canada because of its limited range in the southernmost regions of 

Ontario. Considering the range of blue ash in the US (the core range covers six states: 

Missouri, Illinois, Indiana, Ohio, Kentucky and Tennessee (USGS 2006)), the survival of 

blue ashes in the wake of EAB infestation could have a significant positive effect on 

forest landscapes and ecosystem functioning within their existing range. The ability of 

blue ash trees to withstand and recover from EAB infestation proposes that other North 

American Fraxinus species that have not yet been exposed to EAB beetles may also be 

able to survive. However, the phylogeny of North American ash trees indicates that blue 

ashes are not closely related to most other ash species. While the exact placement of blue 

ashes within the phylogenetic tree has been debated to be either a sister group to the rest 

of North America ash species (Jeandroz et al. 1997) or placed with two other ash species 

that are categorized as shrubs and exist only in the southwestern United States (F. 

anomala and F. dipetala; Wallander 2008), the lack of a close association with other 

large North American ash species suggests it is unlikely that a mechanism that may allow 

                                                           
2
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the persistence of blue ashes during an EAB infestation is present in other North 

American ash species. 

 

5.1.2 Temporal changes in local EAB population dynamics and host use 

Chapter 3 of this dissertation documented changes in the numbers of emerging 

EAB beetles within six study plots; changes in the numbers of infested, healthy, and dead 

trees; and declines in crown health resulting from EAB infestations. The most notable 

observation was the unexpected decline of the EAB population, as assessed through 

annual emergence, despite the presence of a large number of healthy, uninfested, and 

apparently suitable host trees. 

The increase in tree mortality in 2010 was likely associated with greater beetle 

emergence in 2009, and although tree mortality continued to increase in 2011, the rate of 

increase had slowed. Along with an annual decrease in beetle emergence from 2010 

onwards, this supports the conclusion that the impact of EAB infestation was decreasing 

within the study plots. Reinfestation of ash trees appeared to be a relatively stable process 

that contributed to the persistence of the infestation at Point Pelee and to the mortality of 

host trees. Reinfestation reduced the health of infested trees, as the trees were reinfested 

sequentially until they died. However, the increase in the emerging EAB population in 

2009 seemed to promote the colonization of new trees (local dispersal) as well as further 

reducing the health of trees that were already infested. This may mean that there is some 

level of tree health that stimulates EAB to disperse to new hosts rather than reinfest 

previously infested trees.  
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The decline of the beetle population within the study plots despite the presence of 

suitable hosts may be due to two different processes: beetle mortality or emigration. A 

rapid assessment of exit holes within the study plots in October 2013 revealed that the 

EAB population has remained low. Many healthy trees were observed growing within a 

few meters of dead trees two years after the last formal survey of the study plots. The 

focus of future research in the park should be to assess the cause(s) of the observed 

population decline within the study plots. These are discussed below. 

Significant EAB mortality observed at some sites has been attributed to 

“undetermined biotic factors” including tree resistance (Duan et al. 2012a). However 

many causes of immature EAB mortality have been identified. These include woodpecker 

predation (Lindell et al. 2008, Duan et al. 2012a) and, to a lesser degree, indigenous 

entomopathogenic fungi such as Isaria farinosa Holmsk. and Purpureocillium lilacinum 

Thom (Johny et al. 2012a), Beauveria bassiana Bals.-Criv., and B. pseudobassiana 

(Johny et al. 2012b). Hymenopteran parasitism can also kill many larvae. High mortality 

rates have been observed as a result of parasitism by Tetrastichus plamipennisi Yang and 

Spathius agrili Yang, introduced larval parasitoids with high EAB host specificity (Yang 

et al. 2009, Duan at al. 2012a) and Oobius agrili Zhang and Huang, an introduced egg 

parasitoid (Duan et a. 2012b), as well as the potential for combined predation from 

several native hymenopteran parasitoids such as Balcha indica Mani & Kaul, Eupelmus 

pini Taylor, Dolichomitus vitticrus Townes, Orthizema sp. Townes and Cubocephalus sp. 

Townes (Duan et al. 2009, Duan et al. 2011). The native larval parasitoid Atanycolus 

cappaerti has been observed in Michigan and may be responsible for high EAB 

mortality, especially in high density populations, though the portion parasitized varied 
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considerably by site (Cappaert and McCullough 2009). A few individuals similar in 

appearance to A. cappaerti were observed within the study plots at Point Pelee, however 

visually distinguishing this species from A. hicoriae is difficult. Clear sticky trap bands 

were placed on two ash trees per plot for one month from July to August 2011 to detect 

parasitoid activity; however, samples were too degraded upon collection to allow 

accurate identification of species captured. Further sampling for this species may provide 

evidence of parasitism that could help to explain the abrupt decline in EAB emergence 

within the study plots. 

An alternative explanation for the decline in emerging beetles is that females 

emigrated beyond the study plot boundaries in search of larger host trees. This could 

occur if the living ash trees that remained in the plots were perceived to be sub-optimal or 

if they were not detected by the beetles. The small size of many of the remaining healthy 

trees and their location under the canopy (investigated in Chapter 4) may have caused 

ovipositing females to reject those trees due to their shaded trunks and foliage (Wang et 

al. 2010). Alternatively, they may be unable to distinguish smaller understory ash trees 

from non-ash trees while in flight (Lyons et al. 2009). Controlled experiments to 

standardize conditions using mark-recapture techniques to track beetles may provide 

insight into host detection and rejection rates by gravid female EABs. 

The decline in the number of emerging beetles despite the presence of numerous 

suitable hosts is atypical of EAB infestations (Klooster et al. 2013). This phenomenon 

suggests that not all ashes in an area may be killed during an infestation. However, it may 

not preclude surviving trees from becoming infested at a later point in time, especially as 

understory trees grow larger and become canopy trees. The outcome for ash trees that 
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have persisted despite EAB infestations in nearby trees depends on the reason that they 

were not killed. If trees were not detected or rejected because of environmental 

conditions (growing in the understory), as non-ash canopy trees age, die, and fall, 

surviving understory ashes would no longer be shaded. Not only may this make them 

more suitable for EAB oviposition, but the increased exposure may also make it easier 

for them to be detected among non-host species. Further, in sites with high ash 

abundance, the death and falling of canopy ash trees due to EAB infestation would create 

many more canopy gaps in a shorter period of time than in sites with low ash abundance. 

Younger ash trees that grow in the understory in such a system would be exposed to 

potential EAB infestation at a time when there may still be a low number of beetles 

remaining in the area, and would therefore be more susceptible to becoming infested than 

would be understory ashes that were ‘protected’ for a longer period of time by non-ash 

canopy trees. Subsequently, if more oviposition sites became available on newly exposed 

trees, the local EAB population may once again increase and kill the remaining ash trees. 

 

5.1.3 The influence of host and stand characteristics on EAB infestation and dispersal 

Chapter 4 involved modelling the effects of selected host and stand characteristics 

on the emerald ash borer infestation within each ash tree. Local annual dispersal was also 

monitored, from west to east within each study plot, and from north to south among the 

study plots. Spatial variation within the selected variables and in EAB emergence and 

crown health was determined in order to determine how changes in the landscape 

parameters (i.e., stand variables) over the geographical space of the study plots may have 

affected beetle dispersal over the study period.  
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Spatial variation was greater among subplots (east-west) than among plots (north-

south). Both north to south and west to east movement of the EAB infestation were 

evident through patterns of emergence and declines in crown health; however, dispersal 

from northern plots to southern plots was much more rapid than dispersal from the beach 

(west) into forests (east). The concurrence of west-to-east spatial variation of the 

measured variables with slower EAB dispersal observed in the easterly direction suggests 

that the host and stand characteristics affected EAB dispersal. 

Generally, there was evidence that some, but not all, of the measured variables 

influenced when a particular tree would be used as a host by an ovipositing EAB female. 

The models also indicated that host selection changed over time as ash trees died and the 

environment surrounding the active infestation became more open (absence of leaves let 

more sun into the understory; no dead ash trees fell during the course of the study). 

Dispersal of ovipositing beetles appeared to have been influenced by a combination of 

passive diffusion, active dispersal, and preferential host selection, and the relative 

importance of these processes varied over time. 

The change in host use by EAB as trees were killed over the course of the 

infestation provides confirmation that habitat alteration by the beetle can influence how it 

uses the remaining resources within a site. While a preference for open-growing trees was 

indicated earlier in the infestation when host trees were surrounded by few other trees, 

the shift to hosts in denser habitats suggests two possibilities: 1) As preferred resources 

(open-growing trees) were used up, beetles then used less-preferred hosts that existed in 

sub-optimal locations (interior-growing trees); or 2) As trees were killed, the 

characteristics of the stand were altered such that more trees grew in favourable 
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environments (less dense and shaded as canopy ashes were killed). The measures of 

openness used in this study do not reflect the amount of sunlight that passes through the 

canopy. The measures of openness used here would only be altered by the loss of whole 

trees. Since no trees fell during the study, the openness values reported here did not 

change over time. If the amount of sunlight that penetrates the canopy is a significant 

factor in host selection, that effect would not have been captured in this study. It is likely 

that the observed change in host selection over time was a combination of the two 

scenarios. 

The factors influencing temporal patterns of EAB infestation are numerous, and 

as evident from my modelling study, complex over space and time. The unique shape and 

setting of Point Pelee National Park, being largely surrounded by Lake Erie, almost 

certainly influenced EAB dispersal, and environmental conditions that exist near the 

shore of the lake may have influenced host selection in ways that were not possible to 

detect in this study. In order to be able to extend the conclusions of this study to other 

areas, this type of semi long-term monitoring should be conducted at additional locations 

throughout the EAB range. These should be newly infested sites that differ in stand 

heterogeneity and species composition, ages of ashes, tree density, disturbance, tree 

removal, and other factors. Further research may allow specific conclusions from this 

study to be more generalized to describe infestation and dispersal patterns of EAB in 

other forested habitats. 
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5.2 Conclusions 

The emerald ash borer poses a significant threat to the economic utilization and 

ecological functioning of the ash tree component of North American forests. 

Characterization of local emerald ash borer population dynamics and the influence of 

host and stand characteristics on the spatiotemporal dynamics of beetle dispersal can aid 

detection and control programs by targeting survey effort, and can also aid in the 

development of predictions of local range expansion. Observational, semi long-term 

studies in naturally forested areas that allow the unimpeded progression of an emerald 

ash borer infestation provide an opportunity to assess the influences of habitat 

heterogeneity and host mortality on beetle dispersal and resulting tree health. 
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Figure A-1. Reproduced from Zuur et al. (2009; Figure 11.5), showing sources of 

‘true’ zeros (count process) and ‘false’ zeros (zero mass). 
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Figure A-2. Reproduced from Martin et al. (2005); division of zeros of various 

sources into ‘true’ and ‘false’ zeros. 

 

 


