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ABSTRACT 

Though the impacts of pest infestation on forested ecosystems vary, the natural factors 

that facilitate outbreaks are of concern across multiple disciplines across the USA, affecting such 

diverse fields as economics, ecology, hydrology, atmospheric sciences, and pedology. Emerald 

Ash Borer (EAB) is a typical example of an aggressive invasive forest pest; it has proven 

difficult to eliminate, resistant to natural predators, and damaging to local flora. EAB has 

recently proliferated through the northern and mid-western forests of the USA, devastating the 

native population of ash trees (Fraxinus spp.), and has invaded an estimated 28% of all 

susceptible trees. In New Jersey alone, approximately 9% of forests are vulnerable to EAB 

attacks, potentially resulting in more than $2.7 billion in damages. The excessive cost of 

Fraxinus mortality presents serious implications for the state in the forestry and infrastructure 

sectors. Managing EAB is difficult, with critical uncertainties in the rates of infestation, 

mortality, and anthropogenically introduced controls. To address the imprecise future of 

Fraxinus under EAB predation we developed a set of novel models for exploring the spread of 

EAB and then further evaluated the potential risks to local electrical distribution infrastructure 

and ecosystem service provisioning. Through an original project that addresses this urgent, 

complex, and widespread challenge, utilizing New Jersey as a study area, we have i) developed a 

unique geospatial-based partial differential equation (PDE) model to predict EAB infestation 

through the forest system over a heterogeneous 2D landscape and estimate the mortality of both 

EAB, from introduced and native parasitoids, and Fraxinus, from EAB predation; ii) used an 

innovative tree fall risk structure to assess potential infrastructure impacts; and iii) examined 

ecosystem service losses caused by the infestation. We found that controlling the infestation 

requires early and intense introduction of parasitoids to maintain the forest structure. Failing to 
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do so will lead to millions of dollars of externalities in potential Fraxinus removals to protect 

critical infrastructure and the potential for increased erosion and sedimentation given the 

degraded state of the New Jersey Forest understory. 
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CHAPTER 1. INTRODUCTION 

1 Emerald Ash Borer (EAB) Impacts on Ash Trees (Fraxinus spp.) In The United States- 

Complications and Impacts 

Invasive species pose a significant threat to ecosystems through predation on native 

species, or by outcompeting native species for their niches. Approximately 50,000 invasive 

species have become established in the United States of America (USA), with related damages 

estimated at $120 billion per year (Pimentel et al., 2005). Current government policy around 

invasive species falls into two categories: preventing entry of a potential species and controlling 

the expansion of species already present. Several regulations have been implemented to manage 

invasive species, including the Lacey Act of 1900, Alien Species Prevention and Enforcement 

Act of 1992, Animal and Plant Health Inspection Service, and the Smuggling Interdiction and 

Trade Compliance Program (Animal and Plant Health Inspection Service, 2018). 

Emerald Ash Borer (EAB), as an invasive species, has proven difficult to control. While 

this small beetle is benign in its natural Asian habitat, in the USA, it has caused significant harm 

to North American ash trees (Fraxinus spp. EAB, an Asiatic pest likely introduced from China in 

the mid-1990s, has already caused the death of millions of trees with a mortality rate greater than 

ninety percent in both timber and street trees (Poland et al., 2015). Collectively all standing 

Fraxinus were valued at up to $282.5 billion in the USA prior to infestation (Nowack et al., 

2003; Poland et al., 2015). Though control of EAB is difficult, methods such as forest thinning, 

pesticide use, and firewood transport regulations have been considered in theoretical frameworks 

and implemented to some effect since the first infestation wave (McCullough et al., 2015; 

Mercader et al., 2011; Pugh et al., 2011; Siegert et al., 2015). Despite the ever-increasing range 
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of EAB, regulatory oversight is being discontinued in favor of methods aimed at limiting the 

effects of EAB infestation. 

2 ENVIRONMENTAL AND ECONOMIC IMPACTS OF EAB 

EAB’s economic consequences present a significant liability for state and local 

municipalities, and time will only amplify this effect as the trees begin to age, decay and 

ultimately fall (Kovacs et al., 2011; Vanatta et al., 2012).  Fraxinus trees, being a major element 

of the USA’s  rural and urban forests, are estimated to be worth at least $282.5 billion dollars 

(Nowack et al., 2003; Poland et al., 2015). More conservative reports from the Animal and Plant 

Health Inspection Service (APHIS) suggest that the total value of urban Fraxinus trees in the 

United States was somewhere between $20 and $60 billion dollars in 2006, due to being widely 

planted after mortality of other street tree species in the last century (Poland & McCullough, 

2006). In addition, the United States Department of Agriculture (USDA) calculated the average 

total value of Fraxinus timber grown in the eastern United States at $25.1 billion per annum with 

approximately 8 billion Fraxinus trees present nationwide at the onset of EAB infestation 

(Nowack et al., 2003). 

This high cost is due to several large ramifications from Fraxinus mortality, with the 

most obvious related to the loss of timber and products from EAB infestation (Poland et al., 

2015). Beyond strict timber and biomass value, trees on urban and suburban property are valued 

because of their size, beauty, and other less fungible factors, like the reduction of the heat island 

effect, as opposed to the value of potential timber products (Arbab et al., 2022; Kovacs et al., 

2011). This higher valuation for visible trees has led to some being protected by costly systemic 

insecticides (Poland et al., 2015). Before serious infestation damage began in New Jersey, there 

were an estimated 5.8 million dry tons of Fraxinus standing in the state (Crocker et al., 2017). 
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The Fraxinus population is set to decline rapidly with the onset of EAB infestation and State 

agencies will have to move forward in managing with the outfall for decades. Additionally, in 

areas where dead or dying trees are not removed, they are potentially a hazard to surrounding 

structures because of weakening timber that can easily and unpredictably fall (Audley et al., 

2021; Oberle, Ogle, et al., 2018; Perry et al., 2018). 

Another impact is the loss of ecosystem function due to decreased forest cover, carbon 

storage and potential runoff. Further, long-term effects such as mesophication, the ongoing shift 

of the Eastern hardwood forest to a less productive shade-tolerant system, could reduce 

ecosystem function into the foreseeable future (Dolan & Kilgore, 2018). Additionally, losses in 

the function of the water system, could mount substantially given the effects of previous insect 

outbreaks (Brantley et al., 2015). Numerous other negative outfalls from Fraxinus mortality will 

also accrue to one degree or another. Even lower infant birth weight has been related to local 

Fraxinus mortality to some degree, though this information is limited in its scope (B. A. Jones, 

2018). 

3 HISTORY AND MANAGEMENT OF EAB INFESTATION IN THE UNITED STATES 

AND CANADA 

EAB was likely introduced to the Midwestern United States in the late 1990s and was 

first detected in Michigan in 1997 (Siegert et al., 2014). The continued spread of EAB has 

caused mass mortality up to 99% of Fraxinus with the survivors often being extremely 

fragmented (Poland et al., 2015). The natural spread rate of EAB is relatively slow, but is 

accelerated via anthropogenic spread, including inadvertent transport on wood products, vehicles 

and nursery supplies (Barlow et al., 2014; Buck et al., 2014; Evans, 2016). Several strategies 

have been presented by both public and private entities and evaluated as EAB management 
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options over the last two decades. These strategies include quarantine measures, trapping EAB 

adults, girdling Fraxinus as trap trees for EAB larvae, socially replacing and paying for private 

losses of affected trees, and the introduction of biocontrol agents to the forest system. However, 

the usage of these strategies has not been applied evenly across the USA with the most common 

method being the federal quarantine requirements and the next most utilized methods being 

biocontrol and trapping (Figure 1). 

The federal quarantine program for EAB has been in effect since 2003 and has been 

further supplemented by various state and local budgets/initiatives (Diss-Torrance et al., 2018).  

The quarantine put control measures specifically on products that could carry EAB and enforced 

regulation on debarking timber before shipping outside the quarantine region, among other 

control measures. The quarantine was put in place once it was clear that EAB was firmly 

established while other options were explored (Animal and Plant Health Inspection Service, 

2018). These efforts likely moderately delayed the spread of EAB by potentially limiting long 

range transmissions, which often caused jumps by hundreds of kilometers due to anthropogenic 

transport of infested material (Barlow et al., 2014; Buck et al., 2014; Poland et al., 2015). 

 Despite these measures, accidental releases occurred frequently and populations of EAB 

have established themselves as far away as Colorado and Georgia, far outside the natural range 

of Fraxinus in a highly isolated population of street trees. EAB has spread to over one quarter of 

the conterminous United States, making further quarantine an infeasible option (Animal and 

Plant Health Inspection Service, 2020; D. E. Jennings et al., 2016; Peterson & Diss-Torrance, 

2012). Without this control, the outlook for remaining Fraxinus is alarming. To control EAB 

without these extensive quarantine measures, current control efforts are now focused on the 

release of parasitoid wasps into infested North American forests. The hope is that these predators 
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will bring EAB into equilibrium with the remaining native Fraxinus allowing Fraxinus to 

maintain a foothold in the forest structure and adapt to the pressure of EAB over generations 

(Bauer et al., 2015; Liu et al., 2003, 2007). Biocontrol has had some impacts on EAB, but it 

remains to be seen if that will be sufficient to curtail the density and reproduction rate of EAB in 

North America (Animal and Plant Health Inspection Service, 2018; Burr et al., 2018; J. Duan et 

al., 2018). 
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Agriculture, 2015; Parker-Renga & Peck, 2020; Pennsylvania Department of Conservation & 
Natural Resources, n.d.; Smith, n.d.; South Dakota Game, Fish and Parks, 2020; State of New 
Jersey Department of Agriculture, n.d.; Tennessee Department of Agriculture, 2018; Trickel, 
2021; University of Arkansas Division of Agriculture Research and Extension, n.d., n.d.; 
University of Kentucky College of Agriculture, Food and Environment, n.d.; Virginia 
Department of Forestry, n.d.; West Virginia Division of Forestry, n.d.). 

Without a population of resistant trees or establishment of high predation of EAB by 

other species, EAB will remain one of the most damaging and highly invasive insect pests in 

North America (J. Duan et al., 2017; Kovacs et al., 2011; McCullough et al., 2015; Poland et al., 

2015). Mass mortality of domestic Fraxinus populations has been the overwhelming result so far 

in the North American system since the introduction of EAB (Jennings et al., 2015; Morin et al., 

2017; Poland et al., 2015). Since the mid-1990s (Siegert et al., 2014), EAB has been spreading 

across North America from the Midwest and central Canada, and is now spreading aggressively 

through the Eastern seaboard, causing billions of dollars in damages just from the loss of 

landscaping trees alone, spiking municipal budgets and causing negative impacts to real estate 

prices (Evans, 2016; Hauer & Peterson, 2017; Kovacs et al., 2011; Pugh et al., 2011). Fraxinus 

mortality has resulted in an estimated $282.5 billion in potential damages to the productive 

quality of hardwood forests across the USA and Canada (Evans, 2016; Hauer & Peterson, 2017; 

Kovacs et al., 2011; Pugh et al., 2011). Additionally, the pest poses additional risk for both 

Western and Eastern Europe, as EAB has recently been introduced to Europe and has proven 

damaging to the local Fraxinus spp. population. It has already caused significant issue in 

European Russia and many other parts of Eastern Europe and has been listed in the European 

Union as a priority quarantine pest (Orlova-Bienkowskaja & Bieńkowski, 2018, 2020). 
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4 BIOCONTROL AS A CONTROL MECHANISM OF EAB  

With the repeal of the quarantine measures in place, more emphasis in recent years has 

been placed on managing EAB infestation as opposed to controlling their spread (Animal and 

Plant Health Inspection Service, 2018; J. Duan et al., 2018). The goal is to bring EAB into 

equilibrium with the local forest system and allow Fraxinus to slowly regrow into the forest after 

the initial wave of the infestation. There is some merit to this hypothesis as there are instances of 

North American native Fraxinus surviving in the native range of EAB in Northeastern China as 

introduced trees and landscape trees (J. Duan et al., 2011). 

Through extensive testing both in EAB’s native environment and controlled conditions in 

North America, several different species of wasps, known to prey on EAB life stage cycles 

almost exclusively, have been tested and determined safe for release in North America (Liu et 

al., 2007; Parisio et al., 2017). These parasitoids have been released in various combinations 

across the USA. Not all species can be released in all locations due to their varied environmental 

tolerances. In our study area, the species being used are Spathius galinae, Tetrastichus 

planipennisi, and Oobius agrili. Spathius galinae has shown lower rates of establishment and 

persistence in trials but remains viable and a key component due to its ability to prey on EAB 

larvae that other species cannot. This enhanced ability is due to a longer ovipositor than 

Tetrastichus planipennisi allowing it to parasitize all EAB regardless of tree size, while 

Tetrastichus is constrained to EAB larvae on smaller trees (Diameter at Breast Height 

(DBH)<20cm) due to bark thickness (J. Duan et al., 2018). Oobius agrili is even more 

constrained compared to the other two species, as it is a strict egg parasitoid. Despite these 

limitations, Oobius agrili has shown promise in several post-release surveys (J. Duan et al., 

2019). Additionally, there are recorded instances of native predators opportunistically preying on 
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EAB. For example, various woodpecker species have been known to prey on EAB in the later 

stages of infestation; but this has little effect on managing the pest as the trees are already well 

past recovery when this becomes a serious EAB mortality factor (D. E. Jennings et al., 2016). 

Some native wasps have been recorded preying on EAB in the Northeast and Canada; 

Phasgonophora sulcata was recorded parasitizing EAB larvae up to a rate of 40% in some cases 

in 2015 (Roscoe et al., 2016). 

5 AFTERMATH OF INFESTATION BY EAB AND POTENTIAL FOR REGROWTH OF 

FRAXINUS SPP. 

Biocontrol methods may take many years to firmly establish and spread to protect the 

local tree species (J. Duan et al., 2018), which leaves many of the remaining trees in a position 

where they will fail before the system balances out. This gap between treatment and result places 

the impetus of landscape level Fraxinus regrowth on the seed bank and regeneration of stump 

sprouts, similar to many previously extirpated species (Kashian, 2016).  

Studies have shown that despite EAB related mass mortality, stump sprouting and 

regrowth are common in the core of the EAB mortality region and in open-grown Fraxinus that 

receive significant light at ground level (Robinett & McCullough, 2019; Siegert et al., 2021). In 

Kashian et al. (2018), a follow-up study on the persistence of Fraxinus in the core of the infested 

region in southeastern Michigan, Fraxinus was persistent only in areas where the canopy had 

been significantly impacted by the death of overstory Fraxinus. This opened canopy allowed 

significant light to reach the forest floor and enabled shade-intolerant genera, like Fraxinus, to 

regrow. However, other multi-year studies at other sites show that stump sprouts are not reaching 

maturity and are failing as the seed bank is slowly exhausted (Burr et al., 2018; Kashian, 2016; 

Robinett & McCullough, 2019; Siegert et al., 2021).  This led to greater rates of mesophication 
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in these mixed forests due to the formation of small forest gaps in the canopy that are seemingly 

insufficient for the regrowth of shade-intolerant species like Fraxinus (J. Duan et al., 2018). 

This continued decline in the diversity and structure of the highly productive deciduous 

Eastern forests of North America has been progressing for decades due to shifts away from an 

open, fire-driven structure and towards a less productive, closed multi-layer system (Dolan & 

Kilgore, 2018; Nowacki & Abrams, 2008).  In areas with low density of Fraxinus, like the study 

area, forest recovery to the previous species composition is unlikely once the initial cohort of 

trees have died. The failure to recover in these forests will have an unquantified ecological 

impact on species diversity and density in the Eastern United States as productivity shifts (Dolan 

& Kilgore, 2018; Goins et al., 2013; Kutta & Hubbart, 2018; Nowacki & Abrams, 2008). This 

long-term impact brings the focus to introducing parasitoid wasps in a way that maximizes their 

potential to reduce EAB damage, while Fraxinus within mixed stands are still standing. So far, 

surveys on the released parasitoids have shown highly variable local success with current release 

patterns in North America and we need to understand these dynamics to inform release and 

recovery guidelines (J. Duan et al., 2019; D. E. Jennings et al., 2018; D. E. Jennings et al., 2016; 

Margulies et al., 2017; Parisio et al., 2017). 

6 STUDY AREA 

We centered our study in Northern New Jersey as the leading edge of the EAB infestation 

was just entering New Jersey at the beginning of this study and even now is dealing with the 

fallout as patches of trees die out. Northern New Jersey was chosen because of several factors, 

one the forest has a scattered population of Fraxinus through the canopy; second, the geographic 

vicinity to the granting institution of this degree, and third, the urbanized character of the region 

that will increase the possibility for negative externalities. Overall, Fraxinus made up about 10% 
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of the forest canopy in New Jersey in 2018 and was scattered evenly throughout the canopy 

primarily in the Northwest of New Jersey (Figure 2). These trees will not likely be harvested due 

to the lack of a domestic forest industry as timberland is only partially privately owned and is not 

often utilized for timber (Crocker et al., 2017). This lack of utilization distances the local markets 

from more immediate repercussions, weighting the impacts more heavily to change in forest 

quality than timber production. Additionally, the state is heavily populated even its rural areas, 

which leaves it more vulnerable to negative externalities from infrastructure damage leading to 

continued debate on removal vs. replacement efforts (Arbab et al., 2022; Bíl et al., 2017; Hughes 

et al., 2021; Poulos & Camp, 2010). 
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focus on the county level spread to assess the effectiveness of current biocontrol options 

(Jennings et al., 2018). 

In chapter 3 we address the looming threat to infrastructure from mortally injured 

Fraxinus, we evaluated the Northwestern counties of New Jersey for the potential of damage to 

electric distribution infrastructure from Fraxinus mortality and fall (Balducci et al., 2006; 

Warwick et al., 2016). We integrated a GIS estimate for powerline position and length as a 

function of space and integrated it with conditions associated with Fraxinus fall. We used this 

result in a cost benefit analysis to show the relationship between Fraxinus, power infrastructure 

and cost. 

Chapter 4 provides a comprehensive overview with an ecosystem service evaluation, we 

have integrated an InVEST-based ecosystem mapping methodology with the results from the 

EAB-Fraxinus PDE model(Brown & Quinn, 2018; Hamel et al., 2015; Hamel & Bryant, 2017). 

Through this we address the looming possibility of increased mesophication and the more 

immediate concerns about forest productivity in the region for water quality, nutrient export and 

sedimentation (Hamel & Bryant, 2017; Polasky et al., 2011; Sims et al., 2013). By completing 

this project, we have aimed to address gaps in invasive species management and spatial theory 

while working to minimize the negative externalities from EAB-related tree loss in the North 

America. 
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CHAPTER 2. EAB SPREAD AND PARASITOID DYNAMIC MODELING IN 

NORTHERN NEW JERSEY 

Emerald Ash Borer (EAB) has severely impacted the ecosystems and economies of North 

America by devastating the local Fraxinus population. To assess potential bio-control scenarios 

and methods we have developed a dynamic partial differential equation (PDE) model with 

stochastic introductions of EAB to simulate their spread, growth, and impact on Fraxinus. Due to 

EAB, mesophication is being accelerated in deciduous North American forests and losses of 

Fraxinus are accumulating. Current USA government policies regarding EAB management are 

focused on biological control as a method to preserve Fraxinus in the forest structure. However, 

the variability in the effectiveness of biological control, outside of the native environment of 

EAB, could lead to the inability of Fraxinus to recover. Poor Fraxinus recovery is validated by 

the results of our model, which show that forests only recover if bio-control vectors are 

introduced when EAB does not have a strong regional presence. With current policies in place, it 

is likely that continued introductions of parasitoids will be largely ineffective if not deployed to 

follow the leading fringe of the infestation where populations are still weak and isolated. 

EAB, an invasive forest pest, is responsible for billions in damage to ash trees (Fraxinus 

spp.) in the USA and Canada. The losses to forest structure and landscape values will have 

decades-long impacts. To control EAB, East Asian parasitoid wasps are being introduced to 

reduce populations, but their long-term effectiveness is uncertain. To address the gap in 

parasitoid deployment and to increase the chance of success of this intervention strategy, we 

have developed a PDE model to assess a variety of control scenarios. Our model results show the 

biocontrol program leaves local Fraxinus without a clear path to recovery when intervention is 

delayed by just a few years. Model results suggest that the poor recovery of Fraxinus in mixed 
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forests pose a significant barrier to regrowth across the original range of Fraxinus without swift 

action. The loss of overstory Fraxinus shows a potential obstacle in the primary mission to 

preserve Fraxinus in the forest system. By prioritizing early establishment of parasitoids, we 

show that Fraxinus is able to persevere with a regional endemic population of EAB. In our 

model, we examine a heterogeneous Fraxinus distribution and the behavior of EAB populations 

under parasitism at observed and theoretical rates in a simulated environment. We find that EAB 

populations, if allowed to reach epidemic levels, did not decline significantly enough upon 

introduction of parasitism to allow the survival of any mature Fraxinus. This model result 

emphasizes the necessity of prioritizing release and establishment of parasitoids in large regions 

with low to moderate EAB populations, rather than focusing on site-based mitigation efforts. 

1. INTRODUCTION 

EAB is an East Asian wood boring beetle that preys primarily on trees in the genus 

Fraxinus. EAB feeds on the fringes of Fraxinus leaves as an adult and as a larva it feeds on the 

inner bark of the tree. With large populations of EAB, this feeding strategy causes a failure in the 

Fraxinus vascular system and a subsequent die back of the tree from the canopy down, usually 

resulting in mortality (BenDor & Metcalf, 2006). In its natural habitat, local Fraxinus spp. have 

co-evolved with EAB and so are not in significant danger of severe infestation unless there is 

another significant source of stress (J. Duan et al., 2013, 2017). Additionally, numerous species 

have evolved to prey upon EAB in its native range. This intense predation of EAB has allowed 

even vulnerable North American members of the Fraxinus genus to survive in the native range 

of EAB where they are shielded both by resistant trees and significant EAB mortality (Buck et 

al., 2014; J. Duan et al., 2018). Current policies hope to successfully introduce some of this 

biological control system to support North American Fraxinus and to control EAB populations 
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(J. Duan et al., 2018; Liu et al., 2007). This interplay of factors led us to develop a model for the 

spread and development of EAB under variable levels of parasitoid predation. 

EAB predation is defined by both native and exotic species(J. Duan et al., 2018; Lyons, 

2015). Before the introduction of exotic parasitoids, North American native species, such as 

parasitoid wasps supplemented by various woodpecker species, were not sufficient to effectively 

limit EAB growth (BenDor et al., 2006; Jennings, Duan, Bauer, et al., 2016; Poland et al., 2015). 

However, the exotic parasitoids introduced to the North American hardwood ecosystem are still 

an uncertain solution due to issues monitoring their populations to ensure establishment and 

spread (J. Duan et al., 2019; D. E. Jennings et al., 2016; Quinn et al., 2022). While some initial 

data has come out due to post-release site sampling and multi-year forest transect monitoring, 

samples are varied and inconsistent across introductions and samples as parasitoid recovery 

methods evolve and become more effective over time (J. Duan et al., 2018; M. I. Jones et al., 

2019; Quinn et al., 2022). Methods for sampling are understandably difficult to verify; EAB 

itself is often difficult to note until later stages of infestation, even more so for the parasitoids 

that prey upon it (D. E. Jennings et al., 2016; Poland et al., 2015; Prasad et al., 2010). Jones et al. 

(2019) and Quinn et al. (2022) confirmed parasitoid spread along sampled transects. This 

research confirmed that EAB parasitoids exhibit the ability to travel with the EAB wave to some 

degree, but the rates are variable and often at a significant lag (M. I. Jones et al., 2019; Quinn et 

al., 2022). The former study confirmed the spread of only one species, Tetrastichus planipennisi, 

and a multi-year lag to the detected EAB wave, while the second study confirmed the spread of 

two species several years after introduction and only to 14km from release sites. The latter study 

reported similar average rates of predation along their sampled transects, though with higher 

variability for one sampled species. These are two isolated studies; without the widespread 
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ability to accurately track parasitoids, which have swiftly become the primary EAB mitigation 

strategy in the USA (Animal and Plant Health Inspection Service, 2018, 2020), modeling their 

interactions proves to be a necessity. While more accurate data on the spread and dispersal of 

EAB parasitoids will be forthcoming in the next years, the infestation wave will likely have 

continued its spread and will have already encompassed the majority of the range of Fraxinus 

leaving any conclusions on the appropriate application and dispersal of reared parasitoids too late 

(Gould et al., 2020; Poland et al., 2015). 

Currently four species of parasitoid wasps are being introduced that have demonstrated 

limited, or no, predatory inclination toward other species in North America. Among these, three 

are being actively released in the Northeastern region of the USA as control measures: (1) 

Oobius agrili (an egg parasitoid), (2) Tetrastichus planipennisi (a larval parasitoid) and (3) 

Spathius galinae (another larval parasitoid). Hundreds of thousands of wasps have been and 

continue to be released across North America every year, with a focus on releases in areas that 

are currently experiencing the epidemic stage of infestation (Gould et al., 2020). These releases 

add a new layer into the balance equation for EAB reproduction and Fraxinus decline, but with 

limited information on the spread and effectiveness of these parasitoids, they cannot be simulated 

as a discrete agent in a modeling environment. We have developed our model to address the 

introduction of these new uncertain parasitoids on a landscape scale to help further and 

understand the current federal policy for introducing parasitoids for EAB control. This policy is 

currently focused on establishing parasitoids, but exposes current forest stands of Fraxinus to 

heavy infestation, which could lead to the  collapse of these stands if parasitism cannot bring 

EAB populations into equilibrium (Dolan & Kilgore, 2018; D. E. Jennings et al., 2016). 
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Our model framework directly addresses the issue of parasitoid release and parasitism 

rates to evaluate the growth and recovery of Fraxinus populations (Kashian, 2016). There have 

been numerous previous efforts to model EAB, which have focused on the ability of EAB to 

infest new regions, evade quarantine efforts, and cause economic externalities among other 

topics (Ali et al., 2015; Anderson & Dragicevic, 2016; BenDor & Metcalf, 2006; Kovacs et al., 

2011; Mercader et al., 2016; Prasad et al., 2010). Methods used have been varied and have been 

specialized to address specific concerns of the time. Initial modeling efforts towards EAB, like 

other invasive pests, was focused on predicting potential locations of spread, based on limited 

data on the pest itself. These efforts continued through much of the initial stages of EAB's spread 

across the USA and made use of simple diffusion and kernel models at first (BenDor et al., 2006; 

Muirhead et al., 2006) and later shifted to more complex models calibrated specifically on the 

ability of human interaction to spread the pest along transport networks (Prasad et al., 2010; 

Yemshanov et al., 2012). These models did not need to integrate all of the biological information 

about EAB and Fraxinus to achieve their goals. Additionally, they were unconcerned with 

measuring the decline in the canopy and focused on spread and shorter term population dynamics 

(Mercader et al., 2016; Prasad et al., 2010).   

After largely focusing on the regional spread of EAB, and with many regions now 

buckling under the weight of this new invasive pest, modeling efforts shifted towards simulating 

interventions at the smaller experimental plot to the local scale, often covering only a town or 

city park, and the potential response of EAB to treatment and control and the forest canopy over 

a few square kilometers at most. Examples of model frameworks that have been utilized at this 

extent include agent-based models (Anderson & Dragicevic, 2016), mechanistic simulations 

(Mercader et al., 2016) and multi-patch stochastic models (Ali et al., 2015). These models all 
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worked to bring context to the problem of managing EAB actively in small spaces and with 

direct interventions such as the introduction of a parasitoid in Anderson & Dragicevic, (2016), 

who used an agent-based model to simulate the interactions of EAB, Fraxinus and a single 

parasitoid over the area of a city park. However, this simulation had to be severely curtailed due 

to computational and data collection limitations. Mercader et al. (2016) and Ali et al. (2015) are 

similarly limited due to their respective constructions (Ali et al., 2015; Mercader et al., 2016). 

Limitations in the former include, a mechanistic description of short range EAB interactions with 

active control measures, girdling and insecticide treatment, while the latter simulates control 

methods for reducing firewood transport, a vector for EAB transmission, between locations. In 

the author’s opinion these frameworks have served their purpose well, but for the task of 

preserving Fraxinus under almost constant predation in a wide-ranging forest system by using 

parasitoids that are still poorly understood in their capacity and speed we need a new framework 

that emphasizes the statistical likelihoods of EAB spread and allows for parasitoid predation at a 

wide range of rates at the landscape scale. We have entered a place where we understand the 

problem intimately, but not the solution currently being implemented. A different method, such 

as an agent-based model, would address the concerns with available data over the small-scale, 

but that is not feasible at the landscape scale due to excessive computational requirements when 

dealing with billions to trillions of individual EAB. Additionally, the years of studies needed to 

understand the dispersal and survival of all implemented parasitoids are in their very first stages 

and will likely not be published until they are of little use in North America (Anderson & 

Dragicevic, 2016; J. Duan et al., 2019; M. I. Jones et al., 2019; Quinn et al., 2022). With the 

situation shifting from active to passive control regimes, (Animal and Plant Health Inspection 
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Service, 2020) a different modeling context is needed to contextualize the widespread use and 

integration of passive control in the forest system as a whole as opposed to the micro-scale. 

We use a PDE model where adult EAB diffuse across the region of interest with random 

dispersal of satellite populations across a range of Fraxinus densities to demonstrate the effects 

of EAB and parasitoid spread on Fraxinus survival. This model structure allows us to track the 

size of both adult and immature EAB populations and how they interact with Fraxinus and the 

effects of parasitoids at both the local and regional level. PDE models have been found to be 

exceptionally useful as data quality increases (Gilbert et al., 2004). Early experiments with a leaf 

mining insect, Cameraria ohridella, in Eastern Europe showed that a stratified dispersal function 

most closely approximated the recorded spread of this insect across the region when compared 

with a simple diffusion and a leptokurtic dispersal model (Gilbert et al., 2004). A similar model 

was applied to the spread of the invasive Argentine ant, Linepithema humile, in New Zealand 

(Pitt et al., 2009). This study led to the beginnings of an adaptable mechanistic spatially explicit 

model with integrated landscape generator and metrics. This model was constructed with the 

goal of being an adaptable model system with numerous plug-in potentials (Lustig et al., 2017). 

The strength of models, like this, is that it allows for the integration of numerous biological and 

supplementary systems while remaining tractable.  

Another well-known problem is the spread and dispersal of the aggressive mountain pine 

beetle (MPB), Dendroctonus ponderosae, which causes mass mortality of pine, Pinus spp., in 

Western North America (Powell et al., 2018). To track MPB, Powell et al. (2018) used a similar 

stratified diffusion model to Pitt et al. (2009), altered to track the influence of the Allee effect. 

The Allee effect is a determinate on the ability of MPB to successfully attack a tree and 

reproduce, and these dynamics were verified by aerial photography of the densely invaded stands 
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of pine. Unfortunately, due to the diffuse nature of Fraxinus, it is impossible to verify EAB 

spread with similar methods. 

 To overcome the issues surrounding EAB we first used GIS data from the Forest 

Inventory and Analysis program (FIA) to create the base layer of the model and create a 

heterogenous environment based on actual forest structure (Wilson et al., 2012). This 

environment does have the drawback of no possibility of aerial tracking due to the diffuse nature 

of Fraxinus where in the majority of cases it is a minor component of the canopy (Kashian, 

2016; Powell et al., 2018; Wilson et al., 2012). We track EAB through a two-stage life cycle 

from larvae through adult and assess its impacts on Fraxinus stands. However, simple diffusion 

of EAB adults does not accurately capture their biology. To account for differential spread we 

have a variable diffusion coefficient based on the health and density of the local Fraxinus. EAB 

are less likely to pass by a forest dense in Fraxinus, and will also be more likely to have overall 

reduced spread if there is a large amount of stressed Fraxinus and vice versa (Mercader et al., 

2009; Siegert et al., 2010; Tluczek et al., 2011). Finally, parasitism would prove challenging to 

justify in other model structures given the sparse level of data that has been collected regarding 

the spread and the responses of EAB to parasitoids and their response to EAB in an unfamiliar 

environment. Predictions from this model can help facilitate informed decision-making regarding 

best management practices to implement parasitoid control methods and to perform accurate 

economic analysis. 

A source of concern with PDE modeling methods is the issue of compounding error in 

PDE models over long simulation periods as each previous step influences the next (Stępniak & 

Jacobs-Crisioni, 2017). Additionally, it does not fully account for EAB’s tendency to make mid- 

to long-range jumps beyond the leading edge of the infestation. We addressed this trait of EAB 
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by introducing stochastic long range spread events parameterized according to a 

dendrochronological study for EAB infestations from the original infestation site (Siegert et al., 

2014). Stochastic factors impacting diffusion have been found to be an appropriate tool for 

mapping insect spread when large numbers of individuals are present and the result becomes 

more chaotic (Pitt et al., 2009; Yemshanov et al., 2009). 

The success or failure of EAB parasitoids in increasing Fraxinus survival will determine 

the future of this species in North America. Parasitoid success has shown substantial sensitivity 

to the introduction time (J. Duan et al., 2018; Knight et al., 2013). Maximizing the potential of a 

full Fraxinus recovery will be dependent on increasing predation of EAB to such levels that the 

remaining EAB preying on Fraxinus are not significant enough to cause mass mortality (Berry et 

al., 2017; Gould et al., 2020). We evaluated this model at two scales in areas of Northern New 

Jersey: (1), a single small county with known infestation point and date, and (2), three larger 

northwestern counties of the state, which have experienced a much more general and widespread 

infestation pattern, to demonstrate the extensibility of our model framework. 

2. METHODOLOGY 

We have developed a reaction-diffusion PDE model in a heterogeneous system that 

integrates EAB diffusion with Fraxinus density and stress. EAB diffusion among an adult 

subclass and consumption of Fraxinus by a larval EAB subclass occurs over a four-month 

period, known as the “on-season,” while the remaining eight months, known as the “off-season” 

are characterized by EAB larva dormancy, adult mortality, and some regrowth of Fraxinus. 

During the off-season, EAB larva consumption is discontinued to mimic EAB overwintering 

under the bark of host Fraxinus (Poland et al., 2015). For tractability, the study area is divided 
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into cells measured in square meters; all values in the model are adaptable to different cell sizes 

and inputs, but are parameterized with 100 square meter cells (Lyttek et al., 2019). 

Given the relationship of EAB to its immediate environment, we integrate the dynamic 

spread of EAB into the system. We allow EAB adults to spread through the forest system, 

influenced both by the biological limits of EAB, as well as the impacts of the forest system on 

EAB's spread. EAB spread is defined this way as several previous researchers have noted that 

the quantity and quality of Fraxinus have a strong influence on the speed and direction of EAB 

spread (Mercader et al., 2009, 2011; Siegert et al., 2010). We define the spread and diffusion of 

EAB adults in the active season as: 

∂Ea
∂t

= 𝐷𝐷𝑢𝑢𝐴𝐴𝑠𝑠 �
𝜕𝜕2𝐸𝐸𝑎𝑎
𝜕𝜕𝑥𝑥2

+ 𝜕𝜕2𝐸𝐸𝑎𝑎
𝜕𝜕𝑦𝑦2

� − 𝛺𝛺𝐸𝐸𝑎𝑎 + 𝑅𝑅𝑅𝑅, 

( 1 ) 

where Ea is the population density of EAB adults, Du governs the diffusion of EAB, As alters the 

rate of diffusion at each location as a function of the quantity of Fraxinus (Appendix 1.4), Ω is a 

testing mortality factor for EAB adults, R is the random risk for additional populations, and L is 

the rate at which new EAB adults are introduced to a region. Additionally, x and y are 

respectively the latitudinal and longitudinal spatial variables, while t is the time variable in 

months. 

The presence of EAB adults, then results in the continuation of the species with a larval 

EAB class. This class of EAB is the one that damages Fraxinus and in the next season becomes 

the next generation of EAB adults. On-season growth of EAB larva is modeled as the system of 

equations, 
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𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) = 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) + 𝑚𝑚𝑚𝑚𝑚𝑚�𝐺̅𝐺𝑃𝑃𝑜𝑜𝑜𝑜𝐸𝐸𝑎𝑎(𝑡𝑡𝑖𝑖), 𝐶̅𝐶𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖)�, 

( 2) 

𝑑𝑑𝐸𝐸𝑙𝑙
𝑑𝑑𝑑𝑑

= −ω𝐸𝐸𝑙𝑙 − 𝑃𝑃𝑚𝑚𝑚𝑚𝐸𝐸𝑙𝑙 

( 3) 

where 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) is the population density of EAB larva at the current timestep. Additional EAB are 

added at a rate 𝐺̅𝐺𝑃𝑃𝑜𝑜𝑜𝑜𝐸𝐸𝑎𝑎(𝑡𝑡𝑖𝑖) up to a limit of 𝐶̅𝐶𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖), where 𝐺̅𝐺 is a growth constant for 

EAB, 𝐸𝐸𝑎𝑎(𝑡𝑡𝑖𝑖) is the EAB adult population present, 𝑃𝑃𝑜𝑜𝑜𝑜 is the rate of parasitism by the egg 

parasitoid Oobius agrili (Table 1), 𝐶̅𝐶 is an EAB larva crowding constant, and A is the density of 

Fraxinus. Equation (2) serves to add the minimum number of EAB larva to the system by 

comparing the growth due to incident EAB adults and the carrying capacity of the system. We 

assume that all additional EAB larva are added at the beginning of the timestep and then 

experience mortality through time according to eq. (3). In eq. (3), El is the larval population and 

time, t, is defined in months, ω is a random mortality factor and 𝑃𝑃𝑚𝑚𝑚𝑚 is the parasitism rate caused 

by both Tetrastichus planipennisi and Spathius galinae (Table 1). These two species are 

combined due to their similar predation styles. Tetrastichus planipennisi is highly effective at 

parasitizing EAB on trees with thin outer bark and Spathius galinae is much more effective on 

the thicker bark layer of older trees, but both prey on maturing EAB larvae (J. Duan et al., 2017; 

Murphy et al., 2017). 
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excessively damaged are able to exhibit aggressive stump sprouting and that there is no crowding 

out by different species, which allows Fraxinus the most optimal expected chance of recovery 

and resilience (Kashian, 2016). Fraxinus is reduced due to consumption by EAB larva with a 

rate C normalized by the density of Fraxinus. By normalizing consumption according to the 

density of Fraxinus, we integrated the crowding EAB experiences more directly given the 

algebraic population updating we utilized. This derivation for the consumption coefficient C 

abstracted the biology of EAB, but allowed for the incorporation of crowding as seen on 

overcrowded specimens in both lab and field data (J. Duan et al., 2013). Equations (1-4) 

describes the situation during the active season of the year, but during the off-season, we 

consider EAB adults to die-off leaving only the larval stage and Fraxinus as actively simulated 

elements. 

During the off-season, the governing equations are given by eqs. (5-8), 

𝑑𝑑𝐸𝐸𝑙𝑙
𝑑𝑑𝑑𝑑

= 0, 

( 5 ) 

𝐸𝐸𝑎𝑎 = 0, 

( 6 ) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �
𝐺𝐺�1A − C�FcA2        A

A(1)
≥ 0.1Fc

𝐺𝐺�2A − C�FcA2         A
A(1)

< 0.1Fc
, 

, 

( 7 ) 

and 
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𝐸𝐸𝑎𝑎�𝑡𝑡0𝑇𝑇1�

= 𝐸𝐸𝑙𝑙�𝑡𝑡12𝑇𝑇0 �
(1 − 𝑃𝑃𝑃𝑃𝑃𝑃). 

( 8 ) 

The off-season equations are simpler as EAB larva are dormant under the bark of host 

trees, reducing their consumption rate to zero. Additionally, we assume that during the off-

season EAB do not reproduce, but upon emergence in the following T, experience a spatially 

variable mortality rate of Pps, as measured for the native parasitoid Phasgonophora sulcata in 

North American forests. Native species have been observed preying on EAB. Many of these 

species do not cause significant impacts, or are linked to mortally damaged Fraxinus and so do 

not a play a significant role in controlling EAB, as is the case with woodpeckers (Jennings, 

Duan, Bauer, et al., 2016). In our model we integrate a recently studied northern species of 

parasitoid wasp, Phasgonophora sulcata, to account for native mortality factors. Phasgonophora 

sulcata has been shown to have a substantial impact on EAB mortality throughout the range of 

Phasgonophora sulcata range (Gaudon et al., 2018; Lyons, 2015; Poland et al., 2015; Roscoe et 

al., 2016). Often other mortality factors for EAB are similar in degree and extent to it across 

most of North America, including woodpeckers, other parasitic wasps and natural resistance, but 

these are implicit within our crowding (𝐶̅𝐶) and fecundity (𝐺̅𝐺) rates in eq. (2) (Gaudon et al., 2018; 

Lyons, 2015; Poland et al., 2015). A summary of units and sources is found in Table 2, 

additional information on the derivation and model structure can be found in Appendix 1. 
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National Land Cover Database (U.S. Geological Survey, 2019).  Growth over the lifetime of 

Fraxinus was simplified into a pair of growth factors based upon the growth of Fraxinus from 

establishment to failure and the growth of pole size timbers and saplings respectively (Dixon & 

Keyser, 2016; Schlesinger, 1990). The carrying capacity of Fraxinus, 34.44𝑚𝑚2

ℎ𝑎𝑎
 was sourced 

from the northeastern variant of the forest vegetation simulator (FVS) (Dixon & Keyser, 2016). 

EAB growth was approximated as 12 (±0.57) EAB born per year per individual based on 

multiple sources (McCullough & Siegert, 2007; Mercader et al., 2011, 2016). The average 

distance diffused under ideal circumstances was estimated to be 27.027 meters per year using 

Mercader’s (2009) negative exponential function. To account for differential flight distances by 

EAB adults, 80 different diffusion simulations with a range of diffusion coefficients (D) varied 

based on a linear spread distance between 5m and 805m (separated by 10m increments) were 

performed. The theoretical flight diffusion could then be further extended by site conditions up 

to 8-kilometers when D is 805m and Fraxinus is not present because of the influence of the As 

variable. D is the precursor to Du, which is measured in linear distance and years, rather than Du 

which is measured in months and area. EAB larva carrying capacity on Fraxinus was found to be 

88.9 (±4.6) beetles per square meter of Fraxinus surface area based on the experimental results 

of McCullough et al. (2007).  

To set our starting state we used an estimate of Fraxinus populations calculated in 2012 

by Wilson et al. (2012). Though this sample point is aging, the estimated change in Fraxinus 

populations between 2009 and 2019 for our study area, are on the order of 5-10 percent, using 

Statewide inventories, which is very little considering the intrinsic error involved in forest 

inventory data. Additionally, the overall trend for the inventory is very flat, exhibiting more 

oscillation than strict growth or decline (Figure 4).  
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the year of establishment. The parasitism was varied between average, high and low estimates, 

while the year parasitism was introduced was varied between the first year the seventh year and 

the eleventh year. 

In Table 3, we include a range of outcomes from scenarios on the introduction of 

parasitoids to counter EAB in the forest system. Without any parasitism, EAB quickly 

overwhelms the local Fraxinus and eliminates it (Scenario 1). Overall, these results indicate that 

situations in which EAB parasitism is below average can prevent immediate extirpation of local 

Fraxinus, but does not prevent its eventual collapse, just provides a slower decline (Scenario 4). 

As the effectiveness of treatment increases, EAB populations never reach levels that cause a 

decline in the forest system with EAB populations measured in the thousands to millions rather 

than billions compared to no parasitism (Scenario 2-3). However, as the introduction time of 

parasitism begins later and later the effectiveness also declines with results beginning to 

approach uncontrolled EAB (Scenarios 8-10). This trend becomes problematic when compared 

with the results from Scenarios 5-7, where parasitoids are introduced after EAB have been 

present for seven years and then linearly rise to full strength over 4 years to mimic monitored 

releases of parasitoids, which are released when there is a small dense core of EAB that can be 

parasitized (J. Duan et al., 2017; Gould et al., 2020; Margulies et al., 2017; Parisio et al., 2017). 

These scenarios show poor results for Fraxinus survival unless rates rise to the high end of 

estimates (Scenario 6). 
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Table 3: Primary Scenario Results in End State. Scenario 1 is the control, while the remaining 
nine scenarios are permutations on two variables related to parasitism. The first term is the year 
in which parasitism is established (Year 1, 7 and 11 of the simulation). The second is the rate of 
parasitism once the parasitoids are established which are referenced in Appendix 1, Table 15. 

 

Figures 5 and 6 show the marked difference between controlling EAB population early 

and letting it grow before any controls are implemented. To evaluate the persistence of Fraxinus 

under the slow growth of EAB, we have also simulated the standard rate of parasitism starting at 

year 1 for a 100-year cycle. This test showed that even over this longer timescale EAB was not a 

significant threat to Fraxinus as EAB population growth was not sufficient to cause harm to the 

Fraxinus population. 
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Figure 5: EAB and Fraxinus Populations Under Average Parasitism Introduced in Year 1 After 
10 years(a) and 20 years(b). With first year introduction of parasitism, the system is stable with 
a barely growing population of EAB. On the left, brighter orange areas indicate growing EAB 
populations. On the right, the related Fraxinus in the forest structure is denoted in the dark 
green. 
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Figure 6: EAB and Fraxinus Populations Under Average Parasitism Introduced Year 11 After 10 
Years(a) And 20 Years(b). The figure shows the simulation after 10 years (a) and at the end of 20 
years (b), when parasitism is introduced after 11 years of EAB infestation. The result is overall 
Fraxinus population collapse. On the left, brighter orange areas indicate growing EAB 
populations. On the right, the related Fraxinus in the forest structure is denoted in the dark 
green. 

Moving the results from a spatial plot to an annual sum and combining with an additional 

fifteen iterations, we make a line plot of sixteen simulations, each of which has a different 

number and location of EAB introductions, we see the relationship between introduction time 

and outcome even more clearly (Figures 7-9). When average rates start at year 1 (Figure 7), we 

see that EAB is almost nonexistent when scaled next to populations with later introductions and 
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the baseline of no parasitism (Scenarios 1-4). A similar pattern is seen under high rates of 

parasitism (Figure 8).  

There is a shift in the overall trend at lower levels of parasitism (Figure 9). Fraxinus is 

still declining in the cases where only low rates of parasitism are implemented, even with first 

year introduction. Even though Fraxinus is declining by the end of the simulation, there is still a 

substantial forest compared to the baseline, where all Fraxinus has been extirpated. There is still 

a chance of recovery as opposed to later introductions, where there is truly little left to recover. 

 

Figure 7: Influence of Introduction Time on EAB and Fraxinus Populations Under Average 
Parasitism Rates. The black line indicates the no control scenario (Scenario 1) which leads to 
the almost complete extirpation of Fraxinus, whereas when the introduction time is closer to the 
initial infestation, we see improved outcomes for Fraxinus. 
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Figure 8: Influence of Introduction Time on EAB and Fraxinus Populations Under High 
Parasitism. Compared to the average rates in Figure 7, parasitoids at these rates do not let EAB 
severely impact Fraxinus unless introduction is stalled until year 11. 
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Figure 9: Influence of Introduction Time on EAB and Fraxinus Populations Under Low 
Parasitism. 

The lag time associated with the establishment of parasitoid wasps has been noted in 

numerous sources (J. Duan et al., 2019; D. E. Jennings et al., 2016; D. E. Jennings et al., 2016; 

D. Kashian et al., 2018), and indicates that biocontrol introduction timing is even more critical 

for preserving Fraxinus than Scenarios 2-4 indicate. A lag of more than seven years between 

when EAB has first entered a region and when control measures are implemented could make 

the effort almost useless to preserving the current forest structure. 

Fraxinus will not recover without early intervention and the earlier interventions are 

better for Fraxinus outcomes. In effective scenarios, there are high rates of parasitism coupled 

with early intervention measures, and EAB infestation impacts are not significant for a century 

(Figure 10). When we extend the time horizon to a century there is some level of abstraction in 
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population dynamics, as levels of EAB this low may be low enough to be unable to reproduce 

and so completely collapse, this level of population dynamics is not simulated here, so 

populations are able to maintain themselves without the requirement for sufficiently dense 

populations. 

 

Figure 10: Influence of Introduction Time on EAB and Fraxinus Populations Under High 
Parasitism Introduced Year 1 After 50 Years(a) And 100 Years(b). The figure shows the 
simulation after 50 years (a) and at the end of 100 years (b), when parasitism is high. The result 
is that the EAB population slowly grows and eventually still causes Fraxinus mortality, but takes 
an order of magnitude longer, which could be enough time for Fraxinus to adapt. On the left, 
brighter orange areas indicate growing EAB populations. On the right, the related Fraxinus in 
the forest structure is denoted in the dark green. 

Compared to high and average rates, low rates of parasitism cause uncontrolled EAB 

growth, even under situations in which introduction happened close to the time of infestation. 

While it is an improvement over baseline, the trend of Fraxinus basal area is still clearly 
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downward. Current policy is to introduce parasitoids in areas with heavy, confirmed EAB 

infestations to ensure the establishment of the bio-control vectors; however, according to our 

results, this is a dangerous gamble if infestation levels are too far progressed. Failure of Fraxinus 

is not appreciably slowed unless introduction of control vectors happens earlier in the infestation 

cycle, and if the parasitoids are evenly distributed through the infected area. In our model the 

parasitoids are applied at all points across the landscape during a single timestep. This uniform 

application is a limitation from the limited flight, spread and effectiveness data on parasitoids 

used in this study. If parasitoids could be effectively simulated similar to EAB’s 

parameterization, parasitoids would likely be even slower at curtailing EAB growth and spread 

due to the additional lag time from the spread of the parasitoids, as similar experiments have 

shown that some species can spread with EAB, but likely at a lag of some years (M. I. Jones et 

al., 2019; Quinn et al., 2022). To preserve Fraxinus and curtail the worst effects of EAB, 

introductions of parasitoids should be executed in regions where the infestation is as new and 

recently detected as possible, as after several years there is little likelihood in parasitoids being 

an effective treatment for EAB infestation. 

Our results indicate that over long enough timescales, even elevated exotic, and native 

parasitism still results in a growing population of EAB. However, such diffuse populations 

would collapse as they became more diffuse and isolated, additionally maintaining these high 

rates with such a diffuse population of EAB is unlikely. The unlikelihood of maintaining these 

rates is low as numerous establishment studies for species of parasitoids have highly variable 

rates of effectiveness and spread, which could still allow for pockets of EAB to grow (Abell et 

al., 2014, 2016; J. Duan et al., 2019; D. E. Jennings et al., 2016; M. I. Jones et al., 2019) . This 

means that even with native parasitism it will be a long-term solution; EAB continues to grow, 
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but at a rate that allows trees to reproduce and potentially adapt to the issue without further 

intervention (J. Duan et al., 2017). Other mortality and control factors not simulated here have 

been observed but have limited impact on population dynamics. Some observed factors include 

predation by native woodpecker populations and native Fraxinus resistance to EAB, where the 

former only results in significant EAB mortality at the end of the epidemic wave, and the latter is 

compensated for with our EAB growth term (J. Duan et al., 2013; D. E. Jennings et al., 2016; D. 

E. Jennings et al., 2015; Murphy et al., 2018). 

The limitations from these control factors indicate that the current practice of releasing 

small numbers of EAB parasitoids in areas already heavily infested with EAB may not be 

enough to preserve breeding stock of currently mature trees. If the region is already heavily 

infested, introduction criteria should be regionally defined with management efforts focused on 

regions that have not yet lost a substantial portion of their Fraxinus stock. While this approach is 

potentially more intensive due to requiring more widespread dispersal of parasitoids to more 

isolated populations of EAB, it has the potential of saving the current stock of trees in the upper 

canopy. Alternatively, if there is no way to facilitate the introduction of parasitoids into satellite 

populations due to budgetary, tracking, or other constraints, introductions should be focused on 

regions where potential Fraxinus mortality is significant enough to allow for regrowth and 

recovery similar to that which has been observed in some parts of the Midwestern USA, where 

Fraxinus is a major canopy component (D. M. Kashian et al., 2018; D. M. Kashian, 2016). These 

results are repeated by running the same parameterization over a larger region adjacent to the one 

depicted above. The larger region is represented by the three Northwestern counties of New 

Jersey (Warren, Sussex, and Morris), where a substantial portion of Fraxinus extant in New 
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Jersey is present. This region is experiencing an earlier state of the infestations than the rest of 

New Jersey and the local Fraxinus could be preserved. 

 

 

 

 

Figure 11: Normal Parasitism Starts Year 1 Large Area Realization Years 10(a) and 20(b). On 
the left, brighter orange areas indicate growing EAB populations. On the right, the related 
Fraxinus in the forest structure is denoted in the dark green. 

When parasitism starts early in the infestation wave, we see that the state of the forest is 

good after 20 years (Figure 11), but when parasitism is delayed even when highly effective, we 

see a stark decline in the forest (Figure 12). It should be noted that these larger scale runs were 

reaching the limitations of computational feasibility with the model’s current structure, with 
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processing times almost unreasonable using the available resources of the Montclair State 

University’s High-Performance Computing (HPC) system. Using 81 nodes out of 120 available 

with 1 node for each diffusion coefficient for EAB, the model maintained runtimes in excess of 1 

month even after significant optimization for data transfers. With greater computational 

resources, more testing at this scale could be accomplished. 

 

Figure 12: High Parasitism Starts Year 11 Large Area Realization Years 10(a) and 20(b). On 
the left, brighter orange areas indicate growing EAB populations. On the right, the related 
Fraxinus in the forest structure is denoted in the dark green. 

4. CONCLUSIONS AND FUTURE STUDY 

Further extension of this and similar models may be useful once additional, more detailed 

data on parasitoid spread and diffusion with EAB have been gathered. This model is applicable 

beyond the North American sphere, as Europe has begun testing potential control options for 
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EAB in their own growing epidemic. The current primary limitation with this model to the 

application of EAB spread is the assumption that parasitoids are evenly distributed and do not 

require additional travel time in between EAB populations. While this is confirmed to some 

extent for Tetrastichus planipennisi, it has not yet been confirmed for the other species of 

parasitoid (J. Duan et al., 2019; M. I. Jones et al., 2019; Quinn et al., 2022).  If the control 

methods were even slower at controlling EAB than simulated, then the window to successfully 

preserve Fraxinus is even narrower than anticipated with results approaching the low end of our 

simulations. EAB continues to be a growing threat; while North America enters the final stages 

of EAB dispersion, Eastern Europe is experiencing the earlier stages of infestation. They will 

continue to face EAB pressure into the future, making continued study and control of EAB 

necessary on a global scale as control measures are implemented in new regions (Orlova-

Bienkowskaja & Bieńkowski, 2018, 2020). 

PDE modelling using GIS data as an input is applicable to many invasive species that are 

in the process of reaching an endemic phase within their respective environments. Once 

climactic concerns are eliminated or integrated, the primary concern related to an entrenched 

invasive population is population control below epidemic levels. Population maintenance 

prevents the worst of the damage, as the invasive species fills out its new niche. Controlling 

well-entrenched invasive species requires control to be established such that it can come into 

equilibrium with the environment in which it has been introduced. 
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CHAPTER 3. ESTIMATION OF FRAXINUS IMPACTS ON ELECTRIC 

DISTRIBUTION INFRASTRUCTURE STABILITY FROM SNAG FALL  

1. INTRODUCTION 

New Jersey is a state with a high degree of urbanization and development. This 

development has led to an extensive electric grid built through densely forested areas. The mass 

mortality of Fraxinus due to EAB is directly leading to an ongoing surge in the number of snags. 

Snags, dead standing trees that either stand independently or slouch onto neighboring trees, pose 

an extant threat to nearby infrastructure. In our case we study power infrastructure, as these are a 

public service with long ranging impacts if damaged, but other stationary infrastructure, such as 

buildings, can be damaged by tree fall (Larsen et al., 2018). These trees become more brittle with 

age, leading to increased risk and frequency of outages caused by tree fall as well as increased 

risk of property damage. New Jersey is currently in the process of upgrading the current electric 

distribution network to decrease reliance on fossil fuel and increase dependency on cleaner 

sources in the process known as electrification. These efforts look to increase the height of the 

electric distribution lines and so the resiliency of the grid. This increase in height could reduce 

the risk of snag fall on powerlines by raising them above more of the canopy. We demonstrate a 

yearly risk assessment methodology for Fraxinus snags using an integrated GIS and applied 

regression model framework under two distribution network parameterizations. We apply this 

framework to three northern New Jersey counties (Warren, Sussex, and Morris). This area is 

managed by one utility, New Jersey Central Power and Light, and is home to most of the 

Fraxinus extant in the State. 

With increasing climate variability and the movement of exotic pests and diseases, the 

rate of forest mortality has become a hotly debated issue globally due to an ever-increasing 
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number of feedbacks and impacts (Harmon & Bell, 2020). EAB, as one such pest, has proven 

just as varied in its impacts. For example, treefall is often influenced by wind, but the situation is 

more nuanced than simply increasing the rate of fall and potential damage. In cases where entire 

stands are damaged and destroyed, the strength of the prevailing wind has a strong influence on 

the likelihood of the trees falling (Audley et al., 2021; Oberle, Ogle, et al., 2018). However, 

when given snags are scattered throughout a forest rather than homogenous stands, we see wind 

speeds have much less impact on fall rate (Oberle, Ogle, et al., 2018; Perry et al., 2018). The lack 

of wind influence means that in the case of Fraxinus the normal method of using wind speed and 

catastrophic event risks to estimate damage from treefall is not appropriate. 

Hardening the electric grid against snag fall may prove effective at preventing losses and 

unnecessary expenses. There are two potential ways that this hardening may be achieved: 

through regular trimming and cutbacks along electric distribution lines (to prevent dead, or 

dying, trees from directly contacting the lines) or by improving the infrastructure to reduce snag 

damage. Currently, many New Jersey electric utilities are planning (or are in the process of 

planning) to upgrade their electric distribution network from the current 26 kilovolt (kV) 

capacity distribution lines to 69kV lines as part of their efforts to match the projections from the 

New Jersey Energy Master Plan (New Jersey Board of Public Utilities (NJBPU) et al., 2019). 

This distribution service upgrade is being done to both strengthen the resiliency of the state to 

wind events in the coastal areas, as well as increase the capacity of the grid to allow for increased 

adoption of electric dependent technologies, like electric vehicles (EVs). As an added benefit, 

this upgrade in electrical capacity also increases the average height of distribution level electric 

poles from 30 feet to 65 feet with all power lines being placed at least 50 feet above ground 

level. This results in an increase of a minimum of 20 feet over current height, which could 
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significantly reduce the likelihood of a snag being within critical range of the powerline to cause 

an outage. Increased minimum height of the electric lines is a central part of our scenario 

analysis. 

Previous studies on the impacts of snags on infrastructure focus on small neighborhood to 

city level impacts, and rely on intensive sampling for the course of the study through on-the-

ground measurements and methods (Bíl et al., 2017; Hughes et al., 2021; Poulos & Camp, 2010). 

Through our analysis, we hope to provide further justification for both line maintenance 

schedules and the extension of electrical infrastructure upgrades at the regional level (Public 

Service Electric & Gas Co. (PSE&G), 2007). 

1.1 Infrastructure Risk Modeling 

Rating infrastructure according to natural risk factors is not uncommon but can be 

problematic due to intensive sampling methods that are often employed. This problem with 

infrastructure rating is especially true for electric distribution infrastructure that are often 

suspended in the tree canopy, and so are at elevated risk from nearby snags, even to a portion of 

a nearby tree. It is critical to maintain trees, shrubs, and other vegetation near and around electric 

distribution lines to prevent excess outages. By allowing trees and other vegetation to encroach 

upon these essential infrastructures, the possibility for failure of the system during storms or 

even normal events is affected. The risk of tree falls can potentially cut power to residents for 

extended periods of time, which can have even greater economic impacts than just the damage to 

the system itself. However, given the intensity of the simulation and the lack of information on 

switches in the grid, we do not incorporate knock-on economic losses in our methodology 

(Balducci et al., 2006; Larsen et al., 2018). Removing all trees along rights of way is improbable 
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given the sheer length of distribution lines, the cost to landowners, and the character of the 

region (Hughes et al., 2021).  

Numerous methods have been suggested to monitor this issue. One of the most common 

methods involves using intense tree surveys along small sections of infrastructure networks 

(Poulos & Camp, 2010). Others have used statistical and spatial data for a set region such as a 

city or county under normal disturbance regimes over the course of years to decades to identify 

high risk zones; data from these analyses may then be extrapolated for surrounding regions (Bíl 

et al., 2017). Monitoring methods also exist at the micro-scale to focus on strengthening the 

infrastructure itself and assess how often maintenance needs to be performed to prevent losses 

using physical properties of the landscape and the state of the local infrastructure. This level of 

simulation can lead to good outcomes on that scale but is limited in scope due to the intense data 

collection requirements (Hughes et al., 2021).  

1.2 Fall Rates of Snags 

According to Coder (2014), the primary method by which wind causes trees to fall is by 

blowing through the upper canopy, causing a rotational force on the trunk of the tree, and pulling 

up on the root plate, which leads to treefall. The process in which wind can damage trees is a 

combination of both the weight of the tree, the quality of the local soil, and the wind that is 

impacting the tree. However, wind-damage is not correlated strongly with the fall rate of snags in 

the Eastern United States of America (USA). Wind-damage is correlated with other well-known 

snags in Northern Canada and the Western USA, where the mortality of one species results in 

much broader impacts to the canopy, such as large tracts of western pine species killed by 

mountain pine beetle (Audley et al., 2021; Oberle, Ogle, et al., 2018). 



T H E  F A T E  O F  F R A X I N U S   | 49 

 
Oberle, Ogle, et al., (2018), constructed a multiple logistic regression analysis 

parameterized based on Forest Inventory and Analysis (FIA) snag data over the course of a 

decade. In their analysis, they found that air temperature, diameter at breast height (DBH), trees 

per hectare (TPH), and the region of the country were significant in determining when a snag 

would fall. Their method was able to predict which snag would fall 75 percent of the time over a 

five-year period. The largest influencing factors in their analysis for snag-fall were air-

temperature followed closely by the species’ wood durability and the specimen’s DBH. 

With the impending loss of Fraxinus across the Northeastern USA, residents will need to 

brace for the budgetary impact this will have. This project addresses one aspect of these costs, 

specifically the vulnerability of electrical distribution infrastructure to the decay and fall of 

Fraxinus. 

2. METHODOLOGY 

For yearly snag falls and damages, we have adapted a logistic regression model by 

Oberle et al. (2018) and collaborated with the original authors by coupling it with the EAB 

spread model developed in Chapter 2. Together, these parts are used to i) estimate the rate of 

snag fall in the study area and ii) estimate the rate at which utilities could see additional service 

interruptions. The interruptions then necessitate additional charges due to line clearing and repair 

in Northern New Jersey, where the landscape is heavily forested and populated. 

To estimate the rate of snag introduction, we track the mortality of Fraxinus caused by 

EAB in an altered form of eq. (4) from Chapter 2, where we discount the influence of Fraxinus . 

The damaged timber is saved by year as an output from the EAB spread model in square meters 

of basal area per hectare. Mortally damaged Fraxinus timbers become the source of new snags 
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Once the trees have fallen, we then expect that a proportion of these trees will become 

hazards and fall on electric distribution infrastructure according to their height and the distance 

from the distribution infrastructure. The saved basal area per hectare from eq. (4) is split into 

individual trees based on the size distribution of Fraxinus in New Jersey’s state inventories 

(Crocker et al., 2017; Forest Inventory and Analysis, 2022; Woudenberg et al., 2010). The height 

of the fallen Fraxinus is estimated from all Fraxinus that have been recorded by the FIA in the 

northeast. The height of the sample is related to their DBH which can be compared with New 

Jersey’s state inventories (Forest Inventory and Analysis, 2022). 

In order to estimate the location and length of the relevant distribution infrastructure, the 

locations of transformers submitted for the New Jersey Department of Environmental Protection 

(NJDEP) Solar Capacity project in 2016 were used as a starting point (Bureau of Climate 

Change and Clean Energy, 2021). The transformer locations were associated with their local 

road network sourced from the USA Census TIGER/line roads database (Bureau of 

Transportation Statistics et al., 2016). With the transformers associated with their local roads the 

points were connected by lines according to the road network associations. 

Then using the estimated number of fallen trees and the distribution network, the number 

of hazard trees that intersect any distribution infrastructure and potential costs are calculated. To 

do this we assume the tree has an equal chance to be in any part of the local forest and have the 

potential to fall and intersect the distribution infrastructure located there as a function of the 

amount of infrastructure present. Further, the taller the tree is, the more likely that it could hit the 

infrastructure, as it can be further away and still be a hazard when it falls. This damage then has 

a resultant cost from either preventative maintenance on the hazard tree or repair of the 

distribution infrastructure. 
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In all, this makes seven primary steps in our methodology, which we expand on in 

following sections. First, we solve for the basal area of dead snags in each location using an 

altered EAB spread model form Chapter 2. Second, we find the distribution of size classes for 

different tree sizes using New Jersey State Forest inventories. Third, we estimate the height of 

each size class from recorded FIA tree heights. Fourth, we estimate the transitions between decay 

classes using categorical methods trained on FIA and apply it to our EAB killed Fraxinus. Fifth, 

we estimate the length of powerlines and poles in the study area using GIS data on transformer 

locations. Sixth, we solve for the probability that any one of the falling trees intersects with the 

distribution infrastructure. Seventh, we estimate the cost of this intersection either in terms of 

preventative maintenance, or repairs. 

2.1 Fraxinus Snag Generation 

To track the accumulation of snags and the decay of Fraxinus in our forest system, we set 

the accumulation of snag basal area (BA) in the first decay class as equal to the consumption of 

Fraxinus by emerald ash borer (eq. (4)) from Chapter 2. The equation was altered slightly to 

mirror EAB biological constraints rather than spread and we re-ran the model system for the 

three northern counties of Morris, Sussex, and Warren in New Jersey where there is still extant 

Fraxinus. The altered equations for the model are as follows, 

 ∂𝑆𝑆𝑇𝑇𝑎𝑎
∂𝑡𝑡

= 𝐶𝐶𝐸𝐸𝑙𝑙, 

( 9 ) 

∂A
∂t

= �
𝐺𝐺�1A − C�FcA2 − CEl          

A
A(1)

≥ 0.1Fc

𝐺𝐺�2A − C�FcA2 − CEl          
A
A(1)

< 0.1Fc
, 

(10) 
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where for eq. (9), STa is the standing Fraxinus timbers which are created at the rate of Fraxinus 

consumption by EAB (C) and the local population of EAB larva (El). For eq. (10), all variables 

are the same as eq. (4), but A is removed as a variable from the consumption term being 

expressed as CEl rather than CElA, to allow EAB to be only constrained by their biology rather 

than approaching zero consumption as Fraxinus approaches zero. In this study we are less 

concerned with the population dynamics of EAB and focus on the temporal distribution of 

Fraxinus snags; therefore, we do not consider the amount of local Fraxinus as a factor in the 

consumption of Fraxinus by EAB. This reparameterization type shows limited differences to the 

baseline. Below, we have a comparison between these two parameterizations over sixteen runs 

for Essex County with the same inputs, but varied EAB introductions similar to Chapter 2 

(Figure 13). A full description of the derivation differences between these two models can be 

found in Appendix 2. The difference is expressed such that Fraxinus declines somewhat faster 

than the model used in Chapter 2 but expresses the same basic curve shape with similar error 

from introduction variation.  
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Figure 13: Differences in Fraxinus Trajectory Between Consumption Coefficients. Scenario 11-
Base is the same as presented in Chapter 2, while Scenario 11-Altered has the altered 
consumption coefficient discussed in equation (10). The altered consumption coefficient results 
in a slightly faster decline in Fraxinus as well as a lower end state when compared to Scenario 
11-Base.  

2.2 Size Class Distribution Estimation 

With the calculated BA of snags using the altered EAB spread model in the previous 

section, the relative proportion of BA that is in each diameter at breast height (DBH) size class of 

Fraxinus in the study area is calculated from state inventories. Ten years (2009-2019) of 

Fraxinus abundance data from the FIA are used to estimate the proportion of basal area that is 

due to each recorded class of DBH size class of Fraxinus on Forest Land in New Jersey (Crocker 

et al., 2017; Forest Inventory and Analysis, 2022; Woudenberg et al., 2010). This results in the 

distribution displayed in Figure 14. The distribution shows that, for example, any unit of BA, 
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New York, Delaware, and Connecticut (Figure 15). These data are somewhat disparate with only 

one explanatory factor, but fit did not improve upon including other data that could be spatially 

referenced for our study area. Testing with other recorded parameters, such as site elevation and 

site conditions, did not provide any additional insight to the height of Fraxinus, so without 

justification for multivariate analysis, DBH was maintained as the sole predictor of height 

(Figure 15). 

 

Figure 15:Distribution of Samples and the Curve of Best Fit Between DBH and Height. Samples 
are widely dispersed, but do not show significant trends with other traceable variables 
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precluding the ability to do a multivariate analysis. Further multivariate analysis could be 
attempted with known sample plot locations. 

After testing for multiple fits, we eventually calculated a log linear regression for the size 

of Fraxinus in our study area and found a fit with a ±9.31-foot error, when the samples were 

weighted based on their distance to our study area. That is, the further samples were from the 

geographic center of the study region in Northern New Jersey, the lower the weight they had in 

the regression. This distance was kept coarse using decimal degrees as the distance, as plot 

locations and exact distance for the samples is imprecise to protect the locations of the FIA plots 

and prevent tampering (Forest Inventory and Analysis, 2022). We found 

𝐻𝐻𝑡𝑡(𝑓𝑓𝑓𝑓) = 32.26log(𝐷𝐷𝐷𝐷𝐻𝐻𝑖𝑖𝑖𝑖) − 7.37, 

( 10 ) 

where Ht is the height in feet and DBHin is the diameter at breast height in inches. The Mean 

Squared Error (MSE) of the regression was 86.70 with an error parameter of ±9.31. An 

unweighted distribution where all samples are weighted identically in the regression performed 

significantly worse, with a MSE of 144.71 (Figure 15).  

2.4 Decay Rate and Fall chance 

The residence time and decay state of Fraxinus snags influences how quickly dead snags 

fall. With increasing decay, the snag has a higher chance of falling. With the results of the three 

previous sections, the next step is focused on describing how Fraxinus decay through time. The 

sample period was limited to the years 2000-2020, as earlier data did not thoroughly sample 

snags and later data had not been resampled. We sourced these data from the same USA States 

that we used for height, New Jersey, Pennsylvania, New York, Delaware, and Connecticut 

(Forest Inventory and Analysis, 2022). Once we had cleaned the FIA data from 2000-2020 of 
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any snag Fraxinus that had been artificially removed, or otherwise compromised we evaluated 

them using the five FIA decay classes (Table 5).  

This sample comprised a robust 2677 individual records, with 1857 of them being repeat 

observations. When trees are not sampled in the next period it is assumed that the tree has fallen 

based on FIA sampling protocols (Woudenberg et al., 2010). To compensate for inconsistencies 

in the data, some limits and assumptions were made. First, Fraxinus was only allowed to 

advance decay classes, as a small number of samples were noted to revert decay classes on 

follow-up inspections, becoming less decayed over time, which is impossible. Additionally, the 

sample treats inventory resample periods as equivalent for all snags records. The measurement 

times varied in some cases and, while resampling usually occurred every five years, a small 

portion was resampled on a four- or six-year timescale. However, we treat the transition matrix 

as an approximation for a five-year resurvey interval, as that was by far the most common 

interval with the four and six-year intervals happening in a minority of cases. 

 Concatenation of this sample results in a transition matrix where trees are held to either 

their current decay class, transition to a more advanced state of decay, or fall between sample 

periods (Table 5). Where if the average tree, for instance, starts the period in decay class 1, it will 

have a probability of 0.526 of falling by the next resampling period and a probability of only 

0.028 of remaining in decay class 1 by the next resampling period. This transition matrix was 

used to define a Markov Chain process for a system of equations that will be used to define the 

transition of Fraxinus under varying site conditions. We train our system of equations using a 

random walk process according to a Markov Chain Monte Carlo process (MCMC). The model is 
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σ(𝑧𝑧)𝑖𝑖 = 𝑒𝑒β𝑧𝑧𝑖𝑖

Σ𝑗𝑗=1
𝐾𝐾 𝑒𝑒β𝑧𝑧𝑗𝑗

, 

( 12 ) 

where K is the number of potential output categories,  z is the input condition and j is 1 and β is a 

trained weight parameter (Wolfe et al., 2017). SoftMax is used to define all other relationships in 

our system of equations, with 14 individual equations, each with their own trained β weight 

parameters. 

Given the small study region and small sample of interest, we focused on DBH and TPH 

as additional site factors. The average of the sample was taken to mean no effect and variation 

from the mean were evaluated. Other factors that could be considered if the model was expanded 

to a larger area could include the mean annual temperature (MAT) and the physiographic class of 

the sample sites; these were not considered significant due to the study area not having a variable 

MAT and physiographic class was not considered due to the lack of site data from the FIA and 

how physiographic classes could be condensed into widely recorded land use land cover classes.  

In this case there are a total of three input parameters. First, the current decay class of the 

snag (𝐷𝐷𝑐𝑐𝑛𝑛). Second, we have the diameter class of the tree (𝐷𝐷𝑐𝑐), which could influence the tree to 

either stay standing or fall. Third we have the trees per hectare (𝑇𝑇𝑇𝑇𝑇𝑇), which could influence the 

tree to either remain standing, or fall. For both 𝐷𝐷𝑐𝑐 and 𝑇𝑇𝑇𝑇𝑇𝑇, the null effect is defined as the 

average of the sample and any deviation from there is considered the potential influence. The 

initial amount of timber in the first 𝐷𝐷𝑐𝑐1 is defined as the sum of all mortality in each year from 

eq. (9). 
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When training the model the focus is on the transition to the next state for a particular 

sample. Decay out of a class (𝐷𝐷𝑐𝑐𝑛𝑛(𝑡𝑡)) and into another decay class (𝐷𝐷𝑐𝑐𝑚𝑚(𝑡𝑡)) in the trained model is 

defined as,  

𝐷𝐷𝑐𝑐𝑚𝑚(𝑡𝑡+5) = 𝐷𝐷𝑐𝑐𝑛𝑛(𝑡𝑡) �
𝑒𝑒β𝐷𝐷𝑐𝑐𝑚𝑚+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇

Σ𝑗𝑗=1
𝐾𝐾 𝑒𝑒

β𝐷𝐷𝑐𝑐𝑗𝑗+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇
�, 

( 13 ) 

where Dc is the diameter class of the Fraxinus, n is the initial decay class being evaluated, m is 

the decay class whose transition is being evaluated, t is the initial year, TPH is the trees per 

hectare in that sample location, K is the number of decay classes, β is the trained parameter for 

transitioning between decay classes n and m, β1 is the trained parameter for the influence of size 

class and β2 is the trained parameter for the influence of trees per hectare. Equation (13) means 

that the amount of Fraxinus BA in decay class n that will enter class m at time t+5 is 

proportional to the amount present now according to SoftMax regression. The structure of the 

regression is identical for all cases except for decay class 5 as since there are only two potential 

outcomes the logistic regression is used, but influencing variables remain identical.  

The model was trained in rJAGS using the Gibbs sampling algorithm, a variation of the 

Metropolis-Hastings algorithm for Markov Chain Monte Carlo (MCMC) systems (Depaoli et al., 

2016; Plummer, 2003). The model trained three Markov chains simultaneously and after a 1000 

step burn-in to account for noise in the first steps of the Markov Chains, 20,000 samples were 

extracted and the mean of best fit chain taken to define our model system. The best fit was 

determined by visual inspection when compared with the original sample distribution. The 

results of this process are displayed in Table 6, where trained weight parameters for each 

potential transition and site factors are displayed. Site factors are only displayed in terms of 
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whether they influence the possibility of the specimen to fall or remain standing to reduce the 

number of parameters that needed to be trained.  





T H E  F A T E  O F  F R A X I N U S   | 64 

 
The site factor parameters show that in general, larger snags are more likely to transition 

to a more advanced decay class (with a beta.DBHs significantly greater than zero) but are no 

more likely to fall (beta.DBHf). Snags in denser stands are no more likely to transition to a 

higher decay class (beta.TPHs) but are less likely to fall (beta.TPHf is significantly less than 

zero). Additionally, for each decay class there was a far higher probability to transition into the 

fallen decay class than there was to remain in one of the standing decay classes with large 

positive numbers for each parameter associated with tree failure (Table 6: beta.1f, beta.2f, 

beta.3f, beta.4f, and beta.5f). 

2.5 Distribution Infrastructure Location and Trees per Hectare Estimation 

The final two factors to estimate are: (1) trees per hectare (TPH) as stand density is a 

significant factor in determining how fast trees fall and (2) the length of electric lines in the 

distribution network, which is at risk from treefall (Hughes et al., 2021; Oberle, Ogle, et al., 

2018). To estimate the TPH we used the Forest Cover variable from Chapter 2 and multiplied the 

forest cover percent by an average of 1400 TPH. The number 1400 TPH was sourced from a 

combination of the average of New Jersey State Inventories and the FIA sample data for 

Fraxinus from the entire sample region (Crocker et al., 2017; McRoberts et al., 2005).  

We estimated the length of powerlines in each cell where Fraxinus was located by first 

georeferencing the locations of transformers submitted for the New Jersey Department of 

Environmental Protection (NJDEP) Solar Capacity project in 2016 (Bureau of Climate Change 

and Clean Energy, 2021). The estimation of electric distribution lines was developed using New 

Jersey Department of Environmental Protection Geographic Information System digital data, but 

this secondary product has not been verified by NJDEP and is not state-authorized or endorsed. 
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The transformers were then referenced to the local road network sourced from the TIGER/line 

shapefile and translated into strings of points to allow ordering transformers along the length of 

each road (Bureau of Transportation Statistics et al., 2016). The referenced transformers were 

then connected to measure the approximate length of the distribution network in the study area 

(Figure 16). This approximated distribution network is not perfect information as it does not 

connect the network across roadway intersections, but other mapped distribution networks are 

not available for the study area and given the method involved, likely slightly underestimates the 

actual network. However, it is a good coverage, and approximates the distribution network for 

the purposes of costs incurred by treefall. The distribution is displayed in Figure 16 and shows 

significant coverage in the Southern and Eastern portions of the study area. The height of the 

distribution network is defined as 35 feet which is the average height of distribution power lines 

in the region, but with expected upgrades due to electrification we also consider a height of 60 

feet (Public Service Electric & Gas Co. (PSE&G), 2007; Warwick et al., 2016). 
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Figure 16: Map of Northwestern New Jersey and the Associated Fraxinus and Electrical 
Distribution Infrastructure 

 

2.6 Modeling Fall Risk 

At this point, there are five prepared inputs for the methodology, including (1) the 

distribution of standing dead Fraxinus per year due to EAB infestation, (2) the height of the 

standing dead Fraxinus, (3) the transition probabilities between the decayed and fallen classes of 
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Fraxinus, (4) the estimated length of the local power distribution network, and (5) the height of 

the distribution network.  

First, we construct a set of equations to relate the expected proportional fall of Fraxinus 

to our spatial data such that, 

𝐷𝐷𝑐𝑐𝑛𝑛𝑥𝑥(𝑡𝑡+5) = 𝐷𝐷𝑐𝑐𝑛𝑛(𝑡𝑡) �1 − ∑ 𝑒𝑒β𝐷𝐷𝑐𝑐𝑚𝑚+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇

Σ𝑗𝑗=1
𝐾𝐾 𝑒𝑒

β𝐷𝐷𝑐𝑐𝑗𝑗+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇
𝐾𝐾
𝑚𝑚=𝑛𝑛+1 �, 

( 14 ) 

where Dc is the diameter class of the Fraxinus basal area, n is the decay class being evaluated, x 

indicates this is the amount of Fraxinus remaining at t+5 from the original amount, m is n+1 as 

long as it is less than K, t is the year of input data from section 2.1 being evaluated, TPH is the 

estimated trees per hectare in that location, K is the number of decay classes, β is the trained 

parameter for transitioning between decay classes, β1 is the trained parameter for the influence of 

size class and β2 is the trained parameter for the influence of trees per hectare. Equation (14) 

means that the amount of Fraxinus BA in decay class n at time t+5 is proportional to the amount 

present now, times one minus the sum of the proportions of BA in decay class n at time t that are 

advancing to a more advanced decay class. This is step one as any classes in less advanced states 

of decay will feed into the system adding material to the decay class n such that the system of 

equations equals, 

𝐷𝐷𝑐𝑐𝑛𝑛(𝑡𝑡+5) = 𝐷𝐷𝑐𝑐𝑛𝑛𝑥𝑥(𝑡𝑡+5) + ∑ 𝐷𝐷𝑐𝑐𝑚𝑚(𝑡𝑡)
n−1
𝑚𝑚=1

𝑒𝑒β𝐷𝐷𝑐𝑐𝑚𝑚+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇

Σ𝑗𝑗=1
𝐾𝐾 𝑒𝑒

β𝐷𝐷𝑐𝑐𝑗𝑗+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇
, 

( 15 ) 

All terms are the same as eq. (14), except for m, which here is defined as all classes that are less 

than n. Overall, eq. (15) means that part of each decay class m at time t transitions into decay 
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class n at t+5. Transitions into the fallen class were taken from each decay class on each 

transition and stored by year and diameter class such that, 

𝐷𝐷𝑐𝑐𝑓𝑓(𝑡𝑡+5) = ∑ 𝐷𝐷𝑐𝑐𝑛𝑛(𝑡𝑡)
𝑓𝑓−1
𝑛𝑛=1

𝑒𝑒
𝛽𝛽𝐷𝐷𝑐𝑐𝑓𝑓+𝛽𝛽1𝐷𝐷𝑐𝑐+𝛽𝛽2𝑇𝑇𝑇𝑇𝑇𝑇

Σ𝑗𝑗=1
𝐾𝐾 𝑒𝑒

β𝐷𝐷𝑐𝑐𝑗𝑗+β1𝐷𝐷𝑐𝑐+β2𝑇𝑇𝑇𝑇𝑇𝑇
. 

( 16 ) 

Equation (16) means that the fallen class in the next period equals the sum that fall from each 

standing decay class. This system of equations is used to process all the spatial data for the study 

area out 40 years from the EAB spread model start time. We chose 40 years as this time period to 

evaluate as it allows an additional 20 years beyond the end of the EAB model for the decay and 

fall of Fraxinus that were affected in the final year of the EAB spread model. 

After snag fall has been projected the next step is to determine which snags could cause 

damage to distribution infrastructure.  The predicted Fraxinus mortality is combined with the 

length of the electric lines present to estimate the number of Fraxinus that will probabilistically 

fall on the electric lines. 

The topographical relationship between Fraxinus snags and assume that on average equal 

numbers of trees will be on level terrain compared to the distribution infrastructure and so 

topography is not considered in height calculations. The probability of a tree falling towards or 

away from distribution infrastructure is set as a binary outcome and any more detailed 

probabilities would require specific knowledge of the conditions around the distribution 

infrastructure. Cases where distribution infrastructure is taller than the potential hazard tree are 

not evaluated because there is no risk.  

To calculate the number of potential hazard trees, we calculate the ratio of basal area in a 

size class (Dc) over the basal area of one tree in that size class (𝐵𝐵𝐴𝐴𝑐𝑐). The number of fallen trees 
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that impact distribution infrastructure is defined a proportion of the area P that contains both 

hazard Fraxinus, 
𝐷𝐷𝑐𝑐(𝑡𝑡)

𝐵𝐵𝐴𝐴𝑐𝑐
, and length of distribution lines, 𝐺𝐺𝑙𝑙 combined with the distance from 

distribution infrastructure, Fraxinus of a certain height can be 𝐷𝐷𝑔𝑔. 

To define the distance, 𝐷𝐷𝑔𝑔, we use the height of the distribution grid, 𝐻𝐻𝑔𝑔, and the height 

of the tree, 𝐻𝐻𝑡𝑡. These two heights form two legs of a right triangle when we assume that the 

average slope between the Fraxinus snag and distribution infrastructure is zero. We utilize the 

Pythagorean theorem to solve for the distance between the pole and the tree such that the tree 

forms the hypotenuse. 

In all, this relationship is defined as 

𝐹𝐹rc =

⎩
⎪
⎨

⎪
⎧0                                                                  𝐻𝐻𝑐𝑐 < 𝐻𝐻𝑔𝑔

0.5�
𝐷𝐷𝑐𝑐(𝑡𝑡)

𝐵𝐵𝐴𝐴𝑐𝑐
∙
�𝐺𝐺𝑙𝑙�𝐻𝐻𝑐𝑐2 − 𝐻𝐻𝐺𝐺2�

𝑃𝑃 �               𝐻𝐻𝑐𝑐 > 𝐻𝐻𝑔𝑔
 

( 17 ) 

where 𝐹𝐹rc is the number of trees falling on a powerline for a size class of trees, 0.5 is the random 

chance that a tree in the danger area falls towards the powerline, Dc(t) is the basal area that has 

fallen in one size class, 𝐵𝐵𝐴𝐴𝑐𝑐 is the average basal area per tree in each size class, the ratio 

𝐷𝐷𝑐𝑐(𝑡𝑡)
𝐵𝐵𝐴𝐴𝑐𝑐 

 defines the number of trees in size class c at time t, Gl is the length in meters of the local 

electric lines, Hc is the height of diameter class c, Hg is the height of the electric lines and P is the 

area of a pixel, in this case a square hectare. Equation (15) reads that the number of treefalls for 

size class c at time t is equal to half the number of fallen trees times the length of the grid times 

the absolute value of the square root of the height of the tree class squared minus the height of 

the electric grid squared over the square meters in one pixel, P.  
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2.7 Economic Costs of Treefall 

Costs for a tree falling on a powerline are counted as a direct cost between $4,508 and 

$13,518 based on the cost for a new mile of traditional overhead power lines and the assumption 

that the damage compromises the line between two utility poles, usually a length of between 100 

and 300 feet depending on site conditions in 2022 dollars (Warwick et al., 2016). This cost does 

not consider overtime, or the urgency of the remedial work. 

The cost of removing a tree is set between $1,166 and $3,499 for normal operations and 

management (O&M) tree removal in 2022 dollars. Precise estimates are not available for the cost 

of tree removal due to the nature of the work so this cost is estimated from local contractors 

estimation (Amazing Tree Services, 2017; Moosewood Tree Service, 2017). In the case of line 

repair and tree removal we assume that costs will approach the low end of presented costs due to 

economies of scale and to not overstate the issue. The cost of the upgrade to higher power 

electric distribution infrastructure is significant at approximately $238,000 per mile, but will be 

done at some point in the future due to increasing electrification of the State through the 69kV 

initiative (Public Service Electric & Gas Co. (PSE&G), 2007; Warwick et al., 2016).  This means 

that decreased incidence of costly treefall events given 15-foot higher line height area is an 

ancillary benefit of a policy that is already being enacted. We employ a discount rate for four 

cost scenarios of 3% for a public good that is not expected to : 

𝐶𝐶𝑡𝑡 =
𝐹𝐹𝑟𝑟𝑐𝑐𝐶𝐶𝑠𝑠
1.03𝑡𝑡

 

( 18 ) 
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where Cs is the estimated economic costs of this system by using the number of incident trees, 

𝐹𝐹𝑟𝑟𝑐𝑐, described in Section 2.5 times the four potential cost above and the years since the initial fall 

to calculate the present value of either the removal, or topping, of incident trees.  

3. RESULTS AND DISCUSSION 

Our initial results show the importance of spatial simulation to determine the costs of 

EAB infestation on the electrical grid. When all vulnerable trees die in year one and enter the 

first decay class, it results in high costs (Table 7, Scenario 1), with a stepping pattern due to the 

5-year updates (Figure 17); error is ±30% due to uncertainty of the tree heights, other factors, 

like the uncertainty with fall rates, result in far less error (Table 7, Scenario 1 versus Scenarios 2 

& 3). Despite the uncertainty from tree heights, the impacts to current infrastructure (Table 7, 

Column 3) are decidedly outside the range of the upgraded infrastructure (Table 7, Column 4) 

and while the upgrade of the infrastructure reduces costs significantly, the most effective method 

is to mitigate the threat by identifying and removing all potentially dangerous trees near 

powerlines. The magnitude of these costs is also significantly impacted by the discount rate, 

which almost halves the impact of snags if the mortality is delayed till the twentieth year of the 

simulation (Table 7, Scenario 4). Spatial scenarios (Table 7, Scenarios 6-9) have much higher 

costs because of the growth of Fraxinus that occurs before mortality and have interesting 

properties that come out once we look at their temporal characteristics compared to the fixed 

introduction scenarios (Table 7, Scenarios 1 & 5). 
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stepping pattern as all timber is updated in the same year, with almost half of the costs already 

incurred five years of the mortality (Figure 17). 

Figure 17: Cumulative Costs in Scenario 1. All trees currently in place are assumed to enter the 
first decay class immediately. Starting in year 1. Because of the pattern of our sample the decay 
classes are updated every fifth. Year, leading to a spike at year five and every following fifth 
year. Mitigation refers to whether Fraxinus are assumed to be removed before damage occurs. 

Once we start to spread the mortality over multiple years, as in Scenario 5, it smooths the 

cost curve, but shows a similar end cost, with discounting not making a large distance in the 

result. The total result is similar immediate mortality, being just slightly lower due to 

discounting. This reinforces the result of scenario 4 in that the timing of Fraxinus mortality 

influences costs if there is a long enough lag (Figure 18). 
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Figure 18: Staggered Introduction of Mortally Damaged Timber over 5 Years. This introduction 
results in a much smoother cost curve over an immediate mortality scenario. 

These scenarios set our baseline; we then used four realizations for the spread of EAB in 

the study region under no parasitism. These realizations exhibit behavior somewhere between the 

20 year and immediate mortality scenarios, but with higher costs due to the simulated growth of 

Fraxinus leading to higher costs. This growth outpaces the discounting of future costs despite 

mass mortality of Fraxinus not occurring until year 12-13 of the simulation. The greater 

magnitude of the result is caused by the aggressive regrowth and resprouting that is assumed in 

the EAB model for damaged Fraxinus (Figure 19). All four of these scenarios have extremely 

similar results which shows that damages are not highly dependent on the distribution of EAB 

due to random placement. 
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Figure 19: Cumulative Costs using EAB Spread Modelling as the Input. The spread of EAB 
results excess Fraxinus mortality in year 13 leading to a steep cost curve and prohibitive costs 
due to regrowth of Fraxinus. 

In Scenario 10, we expand on these results and instead only allow Fraxinus to grow at its 

normal rate, leading to overall lower costs. This variation on the previous scenario was used to 

assess the affect that new growth from EAB killed stands of Fraxinus were having on the 

magnitude of the result. By eliminating sapling class growth, there was a ~15% reduction in cost 

across all treatments, which showed that the regrowth of Fraxinus was a significant contributor 

to elevated costs in previous scenarios. In reality, regrowth from stump sprouts and the seedbank, 

would not be a significant risk as all Fraxinus would be in the sapling class for the foreseeable 

future(Figure 20). 
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Figure 20: Cumulative Costs using EAB Spread Modelling and Limiting Regrowth of Fraxinus. 
The spread of EAB results in a spike of Fraxinus mortality in year 13 leading to a steep cost 
curve, but without aggressive sprouting we see a much smoother curve for costs. This scenario 
shows costs more akin to the initial estimates with immediate mortality, with a reduction of $150 
million over Figure 19. 

Between scenarios, we see a wide range of potential costs for the 9,800 kilometers of 

electric lines in the study area. Costs for an individual location range from $0 up to $406,000 

($214,000 when mitigated) for the current electrical infrastructure. With this wide range of 

results, we wanted to investigate what trend the inputs might have on the results. That is whether 

the length of the powerline, or the local basal area of Fraxinus influences costs more. After 

testing fits for the data, our results showed that the relationship between total cost is strongly 

linear with the product of the meter length of electric lines and the basal area of Fraxinus (Figure 

21). The positive relationship between these three factors is somewhat expected, though still 

surprising given the highly varied input data involved that just two factors are the primary 
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drivers for cost. The scenario plotted does have influence on the slope of the line, but not on the 

linear trend which is observed across all scenarios. 

 

Figure 21: Trend Between the Dollar Cost (2022) and the Input Product for Mitigated Locations 
in the Spatial 100 Scenario. By taking the product of every point where both Fraxinus and 
electric lines are present and plotting them versus the cost, we see that the data is strongly linear 
in our current model.  

To make upgrading the electrical infrastructure feasible based strictly on reduced 

Fraxinus snag damage, the cost savings will have to exceed $147.88 per meter of electric grid 

present based on the average upgrade cost. We can see that if there is little to no line 

maintenance for dead and dying trees, the average case will almost cover the costs of upgrades to 

the grid. As without line maintenance average costs for the current electric distribution 

infrastructure is just over $190 and drops to just over $50, which means just over $140 of benefit 

(Table 8). However, if the trees are trimmed the mitigated benefit is much lower, with only ~$40 
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where these costs occur and while not perfect it does serve as framework to evaluate potential 

costs across a wide spatial area. Costs, that with current parameterization, are excessive and for 

some locations the cost for Fraxinus management is greater than the cost to upgrade to a taller 

more robust grid, though in most cases were better served by standard line management 

practices, if they are completed in time.  

This methodology was only limited by its data, focused primarily on the height of 

Fraxinus and the cost estimates for repair and distribution. If precise plot locations for the FIA 

samples could be obtained for a future study, then much more could be done to attempt fine-

tuning the height regression. Machine learning with LiDAR data has been shown to be an 

efficient solution for these data gap and could bring some definition to the problem involved if 

FIA data can be given as input (Wang et al., 2021). This extension could also improve our 

knowledge on the general distribution and structure of Fraxinus in the forest structure, allowing 

even greater accuracy for both this study and providing a unified method for the future. The 

repair and distribution estimates can be improved with input from stakeholders in the field, either 

through survey or further direct discussion. 
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CHAPTER 4. EAB RELATED MORTALITY IMPACTS ON ECOSYSTEM 

SERVICES OF HOST FORESTS 

1. INTRODUCTION 

Extirpation of Fraxinus will cause disruption to local ecosystems and interruptions in 

ecosystem services (ES) from impacted forests. ES are the unpaid services and goods that are 

provided by the landscape without significant anthropogenic maintenance. Services provided 

include resource provision, water filtration, sediment/nutrient cycling, urban cooling, oxygen 

production among many others (DeSantis et al., 2013). These services provide the underpinning 

to economies around the world (Rastetter et al., 2021). 

The loss of Fraxinus in the Northeastern Forest system of the United States of America 

(USA) has been noted to have far ranging impacts, but here we focus on landscape level impacts 

within the first years after extirpation from the forest system. Losses in urban systems are well-

studied and have been discussed at length by previous studies and are not discussed here (Arbab 

et al., 2022; Bushaj et al., 2021; Poland & McCullough, 2006; Selbig et al., 2022).  

Forests provide key resources that help local economies. First is the provisioning of raw 

materials in the form of timber and other forest products; this is not of significant concern in the 

study area as the timber industry in the State of New Jersey is not a major industry. Forest 

products are generally not harvested or are exported to neighboring states for processing on the 

rare occasion they are harvested. This lack of harvest is despite the fact that upwards of 80% of 

New Jersey’s forest can be defined as timberland, as they have been all almost uniformly 

maturing into late stage growth with limited harvests despite abundant material present (Crocker 

et al., 2017).  
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The focus for measurable impacts then is on non-use services. These include: 1) water 

yield, the ability of land to yield usable fresh water on an annual or seasonal basis (Brantley et 

al., 2015; Fissore et al., 2012; Selbig et al., 2022); 2) the nutrient delivery ratio (NDR), the 

ability of the landscape to filter and store necessary nutrients and impound them (Harmon & 

Bell, 2020; Sims et al., 2013) and 3) sediment delivery ratio (SDR), the ability of the land to hold 

sediment in place and prevent erosion into water bodies (Hamel & Bryant, 2017). Losses in these 

core services could threaten the stability of the forested region responsible for supplying much of 

the drinking water in the State of New Jersey. 

We evaluate these key ecosystem services over the course of EAB infestation. Through 

this method we can estimate the mitigation, or other methods that might be required to minimize 

the negative externalities from Fraxinus mortality in the study area.  

ES have been studied as they apply to Fraxinus for many years, with various impacts and 

issues surrounding Fraxinus mortality becoming known over decades of study. Potential ES 

impacts include the extirpation of Fraxinus dependent species, a surge in wood feeding insects 

from the surge of fallen timber, and the expansion of other invasive plant species making use of 

disturbed canopy gaps (Baron & Rubin, 2021). However, simulations of these effects on the 

ecosystem would not be readily apparent at the scale of our study because of their highly site-

specific nature. The history of ecosystem service evaluation has been extensive however, so it 

would be remiss not to cover the progression of this field. 

It will be years before we fully understand the impacts of Fraxinus mortality. Long-term 

studies about the changing balance in forests will be necessary to define their successional 

dynamics and changing services. A real concern is the accelerated mesophication of the entire 

East Coast, with climate change and invasive species slowly eliminating the shade-intolerant 
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overstory leaving shade-tolerant genera in place. Especially since Fraxinus mortality often does 

not usually open the canopy enough to encourage shade-intolerant species (Rastetter et al., 

2021). 

A commonly assessed service is carbon storage and sequestration, which is the 

productive ability of the landscape to store gaseous carbon as biomass. The loss of Fraxinus will 

account for a loss of sequestered carbon by upwards of 225 million metric tons in the USA 

(DeSantis et al., 2013). However, further research on the subject minimizes the risk from this 

release of carbon in our study area. First, the decay of large woody material takes significant 

time, especially since Fraxinus is a hardwood species classified as somewhat resistant to decay 

slowing the annual release from killed trees (Oberle, Covey, et al., 2018). Second, modeling 

using Midwestern states as proxy showed substantially increased productivity in forests post 

EAB invasion when Fraxinus is not a majority component of the forest; the extra light liberated 

from the canopy leads to increased growth by neighboring trees until the canopy is filled in again 

and carbon storage recovers (DeSantis et al., 2013). These two factors preclude the study from 

taking carbon losses as a major ecosystem service disruption, as the disruption is quickly 

recovered. 

However, other potential ES have received little attention, with little done to monitor 

their shifts due to Fraxinus mortality. These results on ancillary services do show one thing, 

long-term effects are not expected to persist longer than a few decades. It is expected that 

ecosystem function will return to near baseline as trees recover and fill the gap within 30 years 

post invasion. This view is supported, as there have been other observations of induced growth 

from the relatively small gaps in the forest canopy from Fraxinus mortality (Flower, Knight, 

Rebbeck, et al., 2013; Goins et al., 2013). While on average this was not high enough to 
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completely compensate for the losses, it did allow compromised forests with low densities of 

Fraxinus to reasonably recover in just a few years (Flower, Knight, & Gonzalez-Meler, 2013). 

This result backs up more recent results which showed significantly better recovery post-EAB 

with higher species diversity. The expected recovery does reduce our expected long-term impact 

in the Northeast somewhat due to the diversity of species present, but represents another step 

towards a uniform and less productive canopy (Granger et al., 2019).  

Even over the short term there will still be a substantial impact in the near to mid-term, as 

Fraxinus mortality is often synchronous across large areas (Abell et al., 2016; Kashian et al., 

2018; Siegert et al., 2014). Additionally, beyond provisioning ecosystem service changes, there 

are a host of smaller services that research has shown to have potential impacts from Fraxinus. 

Potential impacts that will require further research once short-term measures are justified 

include; human infant birth weight, soil biome, nutrient cycling regimes and the extinction of 

dependent insect species (B. A. Jones, 2018; B. A. Jones & McDermott, 2015; Perry et al., 2018; 

Rastetter et al., 2021; Ricketts et al., 2018). 

While long-term impacts may be few, there are lines in current research that show 

potential shifts in the soil make-up. A study in New Hampshire found limited changes in soil 

respiration and demography at least shortly after Fraxinus mortality in forests where Fraxinus is 

a limited component of the forest canopy (Matthes et al., 2018). This research indicates, that at 

least in the short-term, soil carbon storage may not be significantly impacted in our study area, 

which has a similarly sparse distribution of Fraxinus (Matthes et al., 2018). This hypothesis is 

supported by the result from Ricketts et al. (2018), which only showed slight differences in the 

sub-surface biota between Fraxinus and non-Fraxinus forest plots. However, there was another 

more significant long-term impact. With Fraxinus mortality, Ricketts et al. (2018) found in test 
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plots that nutrient cycling for sulfur, phosphorous, and carbohydrates was higher than in similar 

forest communities without Fraxinus. One genera of acid loving bacteria was found to be more 

common in non-Fraxinus plots. The loss of this genera resulted in a significant difference in 

subsurface nutrient balance (Ricketts et al., 2018). Even after the forest recovers, there may be a 

significant enough disruption in nutrient cycling to justify further study (Ricketts et al., 2018). 

In our study area, research has already focused on the large population of urban Fraxinus. 

In New Jersey the cost for replacing and treating the large quantity of street trees was deemed 

untenable compared to increased treatment and management over a 20 year timescale (Arbab et 

al., 2022). This bank of trees, if successfully treated, could provide a genetic bank for the State as 

biocontrol and other measures begin to spread, but also increases the mortality of biocontrol 

agents (Flower et al., 2018; Steiner et al., 2019). Additionally, in an urban setting, trees are even 

more valuable than in the wider landscape, in terms of their water retention capacity, with an 

individual mature tree being able to intercept an average of 6376 liters (L) of water per tree 

(Selbig et al., 2022). 

In the core of the infestation in Northeastern Michigan, a decade after EAB had 

extirpated all vulnerable Fraxinus, only about 25% of infested Fraxinus pennsylvanica stumps 

exhibited any stump sprouting. Additionally, little to no seed production was evident, leaving 

one orphaned cohort of Fraxinus struggling in the understory. Given EABs continued presence 

in the region, it is doubtful whether there will ever be a full recovery in this region at anywhere 

near pre-infestation levels (Kashian, 2016; Kashian et al., 2018; Siegert et al., 2021). This lack of 

Fraxinus recovery indicates that lost services specific to this genus will not be recovered over 

time, but other services will be if other tree species are present. 
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To assess the losses in landscape ecosystem services gap that will be felt over the region, 

we use the Natural Capital Project’s InVEST model (Natural Capital Project, 2022). InVEST is 

an accepted method for ecosystem service assessment under varied impacts (Hamel & Bryant, 

2017; Polasky et al., 2011; Zarandian et al., 2017). We are utilizing the Nutrient Delivery Ratio 

(NDR), Sediment Delivery Ratio (SDR), and Annual Water Yield Models for three Northwestern 

New Jersey counties where Fraxinus is a strong component of the forest system. Other models 

offered by InVEST include impacts from carbon sequestration to habitat quality, and while there 

will be impacts in these fields due to Fraxinus mortality, they are either inconsequential 

according to the literature, or so unknown that they are impossible to quantify as a service 

without significant local data collection. 

2. METHODOLOGY 

Land use land cover (LULC) is the most common aspect that needs to be defined after the 

loss of Fraxinus. LULC refers to the anthropogenic, or natural landcover that is in a geographic 

space. Each LULC code simulated must be defined in terms of its effect on ES; a full list of 

LULCs simulated and the associated variables organized by model can be found in Appendix 3: 

Table 17. In our analysis, we keep the primary LULC static through time to isolate the impact of 

the loss of Fraxinus without including any shifts in the base LULC. Instead Fraxinus loss results 

in a slightly different land cover defined as the original land cover and the associated quantiles of 

Fraxinus loss, which will be covered in more detail in future sections (Table 9). These adjusted 

LULCs are defined by a shifted set of variables depending on the percentage loss of trees from 

the initial state to the present state. Shifts in ES provisioning have been observed in cases of 

similar disturbances to the forest structure, first with an expected increase in Annual Water Yield 

(Brantley et al., 2015; Ren et al., 2021) and second with decreased filtration of nutrients and 
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sediments as the soil surface is exposed to weathering (Wang et al., 2021). We incorporate these 

into our adjusted variables, as either a barren or shrubby site condition occupying the lost forest 

area. By adjusting the LULC values from the baseline condition to a barren or shrubby condition 

we simulate for the losses in provisioning water and constraining sedimentation and nutrification 

from this land area after the extirpation of Fraxinus. 

We defined our biophysical tables by literature review from previous InVEST based 

studies that were in the same region as our study. While this is not perfect information due to 

regional differences, as there is a massive range of values that have been parameterized in even a 

relatively small area of North America with LULC variables that are well over an order of 

magnitude in difference (Bai et al., 2019; Berg et al., 2016; Brown & Quinn, 2018; Hamel et al., 

2015; Walston et al., 2021). To this end, we adopted Brown & Quinn’s (2018) parameterization, 

as it was the most amenable to our situation and set of land covers as well as being in a similar, 

though more southerly, Appalachian context compared to other available research. 

Tables 17 in Appendix 3 includes a code for the LULC followed by the relevant 

information for each potential LULC. The Water Yield model’s biophysical table includes 

vegetated status as a yes/no statement, the estimated root depth associated with the land cover in 

mm and a value kc. The kc term is the cover coefficient that depends on the primary vegetative 

state of the site which was also compared with the recommended source from InVEST’s 

documentation. The SDR model included only two factors the USLE Cover Factor (C) and the 

USLE Practice Factor (P). C indicates the land cover types, forest, agriculture or other, while P 

indicates the tilling, or land management practice with higher values of P indicating more 

conservative practices. Finally, the NDR model includes factors for the nitrogen and 

phosphorous loads/retention efficiency for each land cover types as kilograms per year. 
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Additionally, the NDR model includes terms for the critical length for both phosphorous and 

nitrogen. The critical length indicates the assumed distance a nutrient is transported before being 

at least partially arrested by the land cover. Outside of deriving the parameters from detailed 

studies on water cover that are usually unavailable, this is assumed to be the length of one cell, or 

in this case 100m, which is the InVEST default when local studies are not available. 

2.1 Parameterization of the Models 

To make use of the biophysical tables in a spatial context, we must define the 

environment that provides ecosystem services. Terrain height, watershed boundaries and other 

inputs are all required by InVEST to assess ecosystem services. We summarize the sources and 

definitions of this spatial data in Appendix 3: Table 16. In this section we define the spatial 

inputs and factors utilized in each of the three models. 

First, inputs that were required by all models included LULC, watershed boundaries, 

annual precipitation and the experimental LULC. LULC was defined as the land use from the 

year 2015 published by the New Jersey Department of Environmental Protection (NJDEP) and is 

the most up to date LULC dataset in New Jersey at time of writing (New Jersey Department of 

Environmental Protection (NJDEP) et al., 2019). The initial LULC dataset is at a 30m 

distribution, which is too fine scale to match up with the other datasets. To make sure all the data 

was aligned and in the same reference frame, the LULC data was resampled and reprojected to 

the study area at 100 meters square resolution. To minimize error, the resampling was based on 

the majority fill of each raster cell, which is the LULC that comprised the largest portion of the 

new raster cell was selected. Watershed designations were sourced from the New Jersey 

Geological Survey (NJGS) and were based on the hydrologic unit code 12 (HUC-12) for local 

watersheds (New Jersey Department of Environmental Protection (NJDEP) & New Jersey 
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Geological Survey (NJGS), 2009). These data were reprojected and clipped to the study area 

extent. Precipitation values were sourced from the USGS 1981-2010 Annual Average 

precipitation raster for the conterminous USA and compiled by Oregon State University (Oregon 

Climate Service at Oregon State University, 2012). The precipitation map was resampled to the 

study resolution using a bilinear interpolation and transformed to mm from inches. Bilinear 

interpolation is recommended for continuous data types and results in a smooth surface after 

interpolation (ESRI, 2021). 

For scenario analysis, the future LULC was defined as the 2015 LULC with reduced 

forest cover for each LULC. The LULC shift incorporated here did not include any 

developments in LULC over time to isolate the effect of forest loss on expected ecosystem 

service outcomes. The change in ecosystem services (Sr) was instead assumed to be 

commensurate with the ratio of Fraxinus basal area mortality from the initial state (A1) over the 

total forest (TF1) basal area estimated from published raster data by Wilson et al. (2012), the 

expected tree species composition and canopy cover (Alerich et al., n.d.; Eastern Region Tree 

Species, n.d.; U.S. Geological Survey, 2019; Wilson et al., 2012), 

𝑆𝑆𝑟𝑟 = 𝐴𝐴1
𝑇𝑇𝐹𝐹1

⋅ 𝐹𝐹𝑐𝑐. 

(19) 

The change in forest cover was defined by the four quartiles of the forest loss because 

discreet boundaries are necessary to define new LULC classes. Quartiles were used to separate 

the data due to most losses being less than ten percent of recorded forest cover, with some noted 

outliers (Table 9). Most InVEST studies focus on LULC shifts over time; however shifts in 

function within land uses have been acknowledged as a valid method for assessing ecosystem 

service changes (Ma et al., 2016). 
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Figure 22: LULC classes for the study area and the associated forest decline as a function of 
area. Greater forest losses due to Fraxinus decline are seen along the eastern and western edges 
of the study area with relatively less decline in areas under more intensive land uses. With 
greater forest loss, greater changes to the biophysical tables for each LULC are employed 
(Tables 18-25). 

To summarize, new LULC classes were defined by the degree of potential forest loss 

displayed above (Figure 22). This change was based on the percent forest loss for each land 

cover based on the sum of all Northeastern species minus Fraxinus. Losses of forest were 

estimated as the ranges in Table 9 and combined with the LULC, which resulted in 48 new land 

cover classes defined as either being minimally impacted (0.75% Forest Loss), slightly impacted 

(2.6% Forest Loss), moderately impacted (4.9% Forest Loss), or heavily impacted (24.5% Forest 

Loss). To quantify the impact in the biophysical tables, it was assumed due to the habit of 

Fraxinus in mixed forests, that post-infestation the service provided by that percent of forest 

would be similar to shrubland, either due to epicormic sprouting from the Fraxinus itself or 
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because of remaining understory shrub species in closed forests (Kashian, 2016; Kashian et al., 

2018). The relationship between these two points was assumed linear and this has some support 

in the literature as a developing method for assessing the relative change in ES (Brantley et al., 

2015; Lavorel et al., 2017; Millennium Ecosystem Assessment (Program), 2005). This scenario 

was contrasted with a barren site condition where the understory condition and epicormic 

sprouting are both poor because of an ongoing overgrazing issue in New Jersey by white-tailed 

deer and poor epicormic sprouting noted in closed forests (Bates, 2019; Kashian et al., 2018; 

“New Jersey Farm Bureau: Recognized Ecologists and Land Professionals Agree Deer 

Overpopulation in New Jersey Is an Emergency,” 2021). 

Factors that were required only for the Annual Water Yield model included the root 

restricting layer in the soil column, the plant available water content (PAWC) in the soil column, 

estimated evapotranspiration coefficient, and seasonality, known as the Z-Parameter. The root 

restricting layer was defined as the soil thickness from the SSURGO database field which 

referred to the cm of soil present ‘tka_0-999’ and was transformed from cm of depth to mm and 

then reprojected to the same reference as the LULC data. The plant available water content 

(PAWC) was similarly sourced from the SSURGO database as the available water content in the 

‘AWC 0-999’ layer and transformed from cm to mm (Soil Survey Staff, 2020). 

Evapotranspiration was compiled by the USGS using their Operational Simplified Surface 

Energy Balance (SSEBop) model and was transformed into appropriate units using the InVEST 

transformation for sources in Imperial units (Natural Capital Project, 2022; U.S. Geological 

Survey, 2021). Finally, the Z-Parameter was computed according to 

𝑍𝑍 =
(ω− 1.25)𝑃𝑃

𝐴𝐴𝐴𝐴𝐴𝐴
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(21) 

where ω is a regional water-energy partitioning term for determining the amount of precipitation 

that evaporates. The Z-parameter captures the local precipitation pattern and hydrogeological 

characteristics of the study area and is calculated from three terms, ω, P and AWC. The term, ω, 

is estimated as 3.0 from a global data set from Xu et al. (2013), P is the precipitation in mm, and 

AWC is the available water content, which in our case is simplified as the PAWC. The result of 

this calculation gives a variable factor over the whole study area, but the InVEST input is taken 

as the average of the whole study area, which in this case comes to a seasonality factor (Z) of 

2.25.  

Finally, the factors for the SDR and NDR models included a DEM, erosivity, erodibility 

and the threshold flow accumulation value. Other inputs to the SDR and NDR models were kept 

as the InVEST default without sufficient local research to justify altering them (Natural Capital 

Project, 2022). The DEM was sourced from the USGS 30-m resolution raster and resampled 

using the bilinear method to the same reference as the LULC data (ESRI, 2021; U.S. Geological 

Survey, 2000). The erosivity, without an available USA counterpart, was sourced from the 

European Commission, Joint Research Centre Global Rainfall Erosivity Index, which was 

already in the proper units for InVEST (Panagos & Ballabio, 2017). The erodibility was taken 

from a derivative study of gSSURGO data by the Natural Resource Conservation Service and 

transformed according to the method recommended in the InVEST users guide (Natural Capital 

Project, 2022; Natural Resources Conservation Service, 2021a).We set the flow accumulation 

boundary as 1000 cells, as this is the recommended value in the literature and similar to the 

average connectivity found in the data for the study region (Natural Capital Project, 2022).  Flow 
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accumulation refers to the number of connected cells required to consider overland flow into the 

waterbodies. 

3. RESULTS AND DISCUSION 

Results from the InVEST model showed the trends appropriate for each of the 

representative models, with increased export near water bodies decreasing with distance (Figure 

23). From Figure 23 we can see that in the current LULC, nutrient and sediment exports are 

modest. Sediment exports are especially low with most values hovering near zero or acting as 

sinks for sediments. 
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Figure 23: Baseline Ecosystem Service Maps. Services show a typical distribution with water 
yield depending on landcover, but all export models being associated with distance to major 
waterways. Water Yield (a)is measured in cubic meters per year. Sediment Export (b) is 
measured in metric tons. Nitrogen Export (c) is measured in kilograms per year. Phosphorous 
Export (d) is measured in kilograms per year. 

When we compare results, we see a pattern that is close to what is expected from a forest 

disturbance associated with overstory losses, with water yields increasing (Figure 24 (a.1-2)), 
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leading to increased sediment export (Figure 24 (b.1-2)). The NDR model result was much more 

variable, and the model seemed sensitive to the simulated nutrient load over other LULC inputs. 

Precise numbers for New Jersey nitrogen and phosphorous loads from different LULC would aid 

in defining this result more clearly (Figure 25). Water yield climbs as expected from previous 

literature review. This trend only seems to be defied in some tree species (Brantley et al., 2015); 

with greater forest loss, we see an increase in water yield due to the decreased absorption of 

water from both the canopy and the slowing action of the soil. Sediment export is increased 

under both new cover regimes, but extremely so under barren conditions (Table 10). This result 

indicates that undergrowth is vitally important to prevent the worst outcomes. However, in much 

of the study area it is known that understory grazing pressure from native animals is at 

unsustainable levels (Bates, 2019). This pressure could be a barrier to retaining the ecosystem 

services compromised by Fraxinus loss. Nutrient export is inconclusive. However, this result 

would need to be verified with field measurement in future studies. Phosphorous export is lower 

in shrubby conditions, though nitrogen export slightly increases, as shrubs quickly grow in the 

gaps (Figure 25). While the inverse is true in barren site conditions. Shifting toward a barren 

effluent style results in greater phosphorous export, but lower nitrogen export. It is possible that 

with lower primary productivity from a barren site condition that there is lower nitrogen fixation, 

which leads to lower export. From testing, this is due to the nitrogen and phosphorous loading 

variables. The loading variables refer to the expected initial quantity of phosphorous and 

nitrogen released by the LULC type over a period. If these loading variables are kept constant in 

the barren scenario, we see increases in both phosphorous and nitrogen export, but without 

justification to do so, we maintain the loading variables as our calculations indicated the change 

in LULC class would indicate.  
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Figure 24: Proportion Change for Water Yield and Sediment Export. Where (a.1) is the 
proportional change in water yield in a shrubby condition and (a.2) is the change in a barren 
site condition. When sites are barren water yields rise due to increased runoff. Additionally, 
(b.1) is the proportional sedimentation increase in a shrubby condition with slight change and 
(b.2) is the proportional sedimentation change in a barren condition. 
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Figure 25: Phosphorous and Nitrogen Export Change Compared to Baseline. Where (c.1) is the 
proportional change in nitrogen runoff in a shrubby condition and (c.2) is the change in a 
barren site condition. When sites are barren nitrogen export rises but decreases in a shrubby 
condition. Additionally, (d.1) is the proportional change in phosphorous runoff in a shrubby 
condition that results in no to moderate increases and (d.2) is the change in phosphorous runoff 
in a barren condition which results in less phosphorous export. 
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respond to this disturbance. Additionally, depending on the eventual species composition we 

may see slightly lower overall performance from native forests due to the increased presence of 

less productive species, but how far this factor will influence ES provisioning is yet to be fully 

studied. In the case of Fraxinus mortality and ES provisioning there is still opportunity for 

extensive field work as the situation unfolds. The additional field work could allow the use of 

LULC change modeling with defined forest loss categories that can spread in time with EAB, 

rather than the biophysical table shifts employed here. 

Given the scenarios evaluated, additional sensitivity analysis is necessary to increase the 

robustness of the results, but this is not tenable without increased field work, as InVEST model’s 

parameterization has been noted to be site-specific in the literature (Hamel & Bryant, 2017). This 

site specific nature likely does not invalidate the trends from the results, but rather the overall 

numbers, as other ES datasets studied are somewhat similar in their relationship between LULC 

types, but not degree and intensity for the same LULC type (Bai et al., 2019; Berg et al., 2016; 

Brown & Quinn, 2018; Hamel et al., 2015; Walston et al., 2021). A more specific 

parameterization of LULC conditions in relation to InVEST model parameters would help with 

the applicability of the model to the study area. Depending on the region studied, this may prove 

to be less of a barrier if there has been previous ES research. The results still showcased the 

importance of maintaining the understory of impacted forests to prevent the worst outcomes. 

  



T H E  F A T E  O F  F R A X I N U S   | 100 

 
 

CHAPTER 5. SUMMARY AND CONCLUSIONS 

5.1 Parasitoid Deployment and the Preservation of Fraxinus 

Fraxinus will be extirpated from the forest system if measures are not taken. The losses 

from the ecosystem and the risk to critical infrastructure mean that this is not a problem that can 

be ignored. Parasitism is a delicate balance to control EAB too soon and the parasitoids will not 

be sufficiently established. However, preserving any portion of the extant canopy requires 

introduction when local concentrations are low. While much of the USA Fraxinus have already 

been infested, there are still untouched regions both here and abroad that will have to deal with 

EAB infestation in the future and may be able to be preserved through focused introductions of 

parasitoid vectors. 

Our dispersal model results in chapter 2 showed that unless mitigating parasitoids are 

released when EAB are constrained on a regional level, they are unlikely to be successful at 

reducing or eliminating the risk of Fraxinus extirpation. The inflection points for this result 

showed at 7-years post EAB infestation, beyond which Fraxinus were unable to persist to a 

substantial extent, even with high rates of parasitism. With other research showing low rates of 

Fraxinus regrowth and recruitment under open-grown conditions, it is unlikely that there will be 

any appreciable recovery in the closed forest canopy Northeastern Fraxinus exist within. 

Given that EAB are often undetected until later in the infestation cycle where infestations 

could be more than 7 years old, it is imperative that tracking be given priority for EAB even as 

the federal quarantine is removed. Without effective monitoring to catch EAB infestations early 
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on, parasitoid releases are unlikely to preserve the wider population of Fraxinus in the forest 

structure. 

5.2 Costs of Avoiding Mitigation Measures 

 Preserving Fraxinus will require significant outlays of public funds beyond timber values 

and other use values. To justify expenditures on monitoring and parasitoid release, there are 

other costs aside from those usually discussed. First, the wide-scale mortality of Fraxinus 

presents an extant threat to existing buildings and infrastructure. This threat could impact the 

electrical distribution grid with incident Fraxinus costing upwards of $100 million due to 

removal and management of mature trees. This cost does not include potential costs to other 

infrastructure, such as homes, businesses and other buildings that will also be threatened with 

damage by the decaying timbers dotting the forested landscape. This inclusion would increase 

costs associated with snag fall in losses to privately held assets. 

5.3 The Necessity of Forest Health in Minimizing the Ecosystem Services Impact of EAB 

 Additional costs from widespread Fraxinus mortality will be felt in the form of 

ecosystem service losses. These losses are especially pronounced if the forest condition is 

otherwise impaired from existing damage. With the existing damage from the overpopulation of 

large herbivores in New Jersey forests, there is substantial risk from the loss of existing canopy 

species. When the loss of canopy species is expanded to the landscape, there is the potential for 

substantial impacts to ecosystem services if the forest understory is not healthy enough to take 

over. 
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5.4 Research Gaps and Evaluating the Future Forest Structure 

Fraxinus mortality due to EAB is still an ongoing and growing threat, with EAB 

continuing to spread through North America. To control these impacts, it will be important to 

continue monitoring and release control measures where they can be effective. With the massive 

external liability represented by mortally damaged Fraxinus there is plentiful reason to continue 

management activities. 

Future research will need to focus on two key areas: the first is the continued 

development of more accurate tracking methods to identify EAB before they become 

uncontrollable, the second is the recovery and effectiveness of parasitoids. These issues are 

especially important to municipalities, as they decide whether to remove their Fraxinus, opt to 

treat high-value trees with systemic insecticides, or attempt to preserve them in place.  
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Appendix 1: Chapter 2 Supplementary Information 

A1 Derivation of Parameters 

In this Appendix, we detail the derivation for all variables involved in the system of 

equations for EAB spread presented in Chapter 2. We simulate EAB for a period of 20 years (T), 

where each year has 12 constituent months (t). The study period was set as 20 years, to account 

for the historical spread of EAB within a region once it has been infested before it enters an 

endemic state (Poland et al., 2015; Siegert et al., 2014). Meters were the unit of distance, where 

locations are defined as 100-meter squares (ℎ𝑠𝑠 =  100𝑚𝑚). Each of these locations (hs) 

represents a square hectare (ha) and are organized in a grid structure covering the study area. The 

study area is bounded by a band of null locations to create a regular rectangular grid and to 

prevent EAB diffusion through the boundary of the study area. Hectares were chosen as the 

spatial unit based on Wilson et al. (2012), where BA was tracked in terms of per ha. EAB are 

tracked in the x and y dimensions as they diffuse between locations and cause damage to 

Fraxinus.  

A1.1 Converting Surface Area to Basal Area 

A fundamental problem arose when deriving the variables involved in the life cycle of 

EAB: translating the inventory term basal area (BA) into the experimentally recorded unit of 

surface area (SA). EAB feeds on the inner layer of bark, so consumption and other observations 

are recorded in terms of SA, but most forest records are in terms of the cross-sectional area of the 

local trees, BA. BA is the unit type in the data and is a common unit in forest management. To 

cross the divide between the biology of EAB and forest inventories, it is vitally important to start 

by transforming SA to BA. To transform SA to BA, we used the data in McCullough et al. 
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(2007), where measured Fraxinus were measured for both their diameter at breast height (DBH) 

and the entire SA was measured. This takes the form of the polynomial equation 

𝑆𝑆𝑆𝑆 = 0.024𝐷𝐷𝐷𝐷𝐷𝐷2 − 0.307𝐷𝐷𝐷𝐷𝐷𝐷 + 2.63, 

( 22 ) 

where SA is measured in square meters and DBH is measured in centimeters. From here, we 

relate BA to SA using the relationship between BA and DBH known as the Forester's constant 

(FC) and the quadratic mean diameter function, used to calculate basal area (Balderas Torres & 

Lovett, 2013),  

𝐷𝐷𝐷𝐷𝐷𝐷 = � 𝐵𝐵𝐵𝐵
𝑡𝑡𝑡𝑡ℎ𝐹𝐹𝐹𝐹

. 

( 23 ) 

Equation (23) is used to estimate the average diameter of trees in a stand, where FC is a 

rate constant between the DBH and the BA comprised of pi and the unit shift between 

centimeters and square meters, (𝐹𝐹𝐹𝐹 = 0.00007854), finally tph indicates the number of trees 

per hectare. The result is the average DBH of a tree in the stand, but because we are not solving 

for the individual tree DBH, but entire hectares, we cancel the trees per hectare (tph) term which 

gives a result that is measured in 𝑐𝑐𝑐𝑐
ℎ𝑎𝑎

 as the population terms in the original formula cancel out, 

𝐷𝐷𝐷𝐷𝐷𝐷 = �𝐵𝐵𝐵𝐵
𝐹𝐹𝐹𝐹

. 

( 24 ) 

We then substituted the solution for DBH from eq. (24) into eq. (22). 
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𝑆𝑆𝑆𝑆 = 0.024
𝐵𝐵𝐵𝐵
𝐹𝐹𝐹𝐹

− 0.307�
𝐵𝐵𝐵𝐵
𝐹𝐹𝐹𝐹

+ 2.63. 

( 25 ) 

Finally, we substitute in the value for FC from eq. (25) resulting in eq. (26),  

𝑆𝑆𝑆𝑆 = 305.577𝐵𝐵𝐵𝐵 − 34.641√𝐵𝐵𝐵𝐵 + 2.63. 

( 26 ) 

For most of our future derivations from here we need to assume full growth of Fraxinus, 

such as for the logistic growth of Fraxinus. The carrying capacity of Fraxinus is 34.44𝑚𝑚2

ℎ𝑎𝑎
 of 

basal area in the Northeast, which using eq. (26) is equivalent to 10323.59𝑚𝑚2

ℎ𝑎𝑎
 surface area 

(Dixon & Keyser, 2016). This constant establishes our foundational understanding between the 

SA of Fraxinus and the recorded BA. 

A1.2 Consumption of Fraxinus by EAB  

EAB were tracked for both adult (𝐸𝐸𝑎𝑎) and larval (𝐸𝐸𝑙𝑙) stages as the number of individuals 

per hectare, 

𝐸𝐸𝑎𝑎 = 𝑖𝑖𝑖𝑖
ℎ𝑎𝑎

, 

𝐸𝐸𝑙𝑙 = 𝑖𝑖𝑖𝑖
ℎ𝑎𝑎

. 

EAB adults are not responsible for considerable damage to Fraxinus, like EAB larva and 

so do not cause damage, but for EAB larva do and consume Fraxinus at a rate, C. The 

consumption rate is derived from an experiment that determined that an average of 88.9 EAB per 

square meter SA could successfully emerge from Fraxinus phloem before that area could no 

longer support EAB (McCullough & Siegert, 2007). It is assumed that the EAB consume the 
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total mass of available food even though this is not the case. We then define C by the number of 

EAB that can successfully reproduce per unit area, 

𝐶𝐶 = 1𝑚𝑚2𝑆𝑆𝑆𝑆
88.9𝐸𝐸𝑙𝑙∙𝑇𝑇

. 

( 27 ) 

To reflect the on-season monthly timescale instead of the reported annual rate we divide by 4: 

𝐶𝐶 = 1𝑚𝑚2𝑆𝑆𝑆𝑆
88.9𝐸𝐸𝑙𝑙∙4𝑡𝑡

. 

( 28 ) 

The next step is to change 𝑚𝑚2𝑆𝑆𝑆𝑆 into ha to balance with A which is measured in 𝑚𝑚
2𝐵𝐵𝐵𝐵
ℎ𝑎𝑎

. 

We divide C by the absolute amount of Fraxinus surface area (SA) that could exist in a cell from 

eq. (26). This transformation shifts the units in the numerator of C from 𝑚𝑚2(𝑆𝑆𝑆𝑆) into ha, 

1𝑚𝑚2𝑆𝑆𝑆𝑆
88.9𝐸𝐸𝑙𝑙∙4𝑡𝑡

∙ 1ℎ𝑎𝑎
10323.59𝑚𝑚2𝑆𝑆𝑆𝑆

= 0.0000002724 ℎ𝑎𝑎
𝐸𝐸𝑙𝑙𝑡𝑡

. 

( 29 ) 

The consumption term (C) when combined with the population of EAB larva (𝐸𝐸𝑙𝑙) and the 

density of Fraxinus (A) results in units of ℎ𝑎𝑎𝑖𝑖𝑖𝑖
ℎ𝑎𝑎𝑡𝑡

∙ 𝑖𝑖𝑖𝑖
ℎ𝑎𝑎
∙ 𝑚𝑚

2𝐵𝐵𝐵𝐵
ℎ𝑎𝑎

= 𝑚𝑚2𝐵𝐵𝐵𝐵
𝑡𝑡

 which is the same as both terms 

in the equations for the growth of Fraxinus. 

A1.3 Growth and Adaptation of Fraxinus  

The growth of Fraxinus is derived from even-aged stands where the size of the tree is 

dependent on the number of years it has been present (Table 11) (Schlesinger, 1990). Other site 

conditions could slow the growth of Fraxinus, but absent information on those conditions we use 

the numbers in Table 11 for growth, as by using these numbers we do not require other inputs for 
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𝑃𝑃𝑖𝑖 = �0.0005067                    𝑇𝑇 = 7

0.007854                    𝑇𝑇 = 50. 

 For Pi we assume that the sapling has a radius of 1 mm at year zero when T=7. We use 

T=7 to define damaged Fraxinus defined by saplings and sprout stumps that grow quickly and 

T=50 is used to define the normal growth of Fraxinus in a more mature setting.  

The final rates, r, for undamaged and damaged Fraxinus are r=0.00483 and, r=0.0383 per 

month, t. These two variations on the rate of growth create a dynamic system where understory 

saplings grow 7 times faster than overstory trees, but then transfer to a slower growth once the 

stand has begun to mature. These two growth rates allow Fraxinus to maintain a slight presence 

in the study area, even under intense EAB infestation, rather than being completely extirpated. 

This increased growth rate is triggered when Fraxinus populations fall below 0.10 of their initial 

density (Kashian, 2016). While this process could not continue indefinitely, it is currently 

uncertain how long a background of quick growing Fraxinus sprouts and saplings could persist 

in the forest system and under what conditions they simply fail (Robinett & McCullough, 2019). 

Next, we evaluate the crowding coefficient for Fraxinus, 𝐶̂𝐶. The crowding coefficient is 

based on the total crowding of Fraxinus from the Forest Vegetation Simulator, FVS, system 

(Dixon & Keyser, 2016). In a fully stocked forest in the Northeastern USA, 34.44𝑚𝑚2 of BA 

could potentially grow per ha of land (𝐵𝐵𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚). 

We use Verhulst logistic growth with respect to time to define instantaneous growth to 

define the Fraxinus system such that 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑟𝑟 − 𝑟𝑟𝐴𝐴2

𝐵𝐵𝐵𝐵
, 

( 30 ) 
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where r is the growth rate when T equals 50, t is the time in months, A is the population of 

Fraxinus and BA is the carrying capacity of Fraxinus. This defines our crowding coefficient, 

𝐶̂𝐶,as the ratio of the growth rate, r, and the maximum basal area, 𝐵𝐵𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚, which equals 

0.0001403. To check the veracity of the terms, the solution to Verhulst logistic growth was 

utilized to verify growth in the model environment continued as expected 

𝐴𝐴(𝑡𝑡) = 𝐵𝐵𝐵𝐵

1+𝐵𝐵𝐵𝐵−𝐴𝐴𝑜𝑜𝐴𝐴𝑜𝑜
(𝑒𝑒−𝑟𝑟𝑟𝑟)

. 

( 31 ) 

We integrate local forest cover (𝐹𝐹𝑐𝑐) as a proportion into the crowding variable (C�A2) to 

change the carrying capacity of Fraxinus across the landscape due to varying landcover. This 

variable is assumed constant over the simulation period. We utilized the forest cover of the 2016 

national map as the source for this factor (U.S. Geological Survey, 2019). And while this is 

canopy cover, it does indicate which areas are under forest cover, which is an improvement in 

detail over land use and land cover maps where level of cover is not tracked. The data in this file 

is stored as a percentage of forest cover with values between 0 and 100 percent, with undefined 

data having values of up to 255, this indicates water bodies and other landcovers that are not 

covered in this set. We multiply our crowding coefficient, 𝐶̂𝐶, by the unitless proportion of forest 

cover 1
𝐹𝐹

= 𝐹𝐹𝑐𝑐 , where Fc refers to the proportion of forest cover and F refers to the percentage 

stored in the original dataset, with all undefined values set as 0. The equation takes the final form 

of eq. (4) 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �
𝐺𝐺�1A − C�FcA2 − CElA         A

A(1)
≥ 0.1Fc

𝐺𝐺�2A − C�FcA2 − CElA         A
A(1)

< 0.1Fc
. 

A1.4 Diffusion Coefficient of EAB  

Mercader et al. (2009) showed that in a forest with abundant Fraxinus, the vast majority 

of individual EAB are found within 800 meters of the infestation. Their experimental results 

followed a decaying exponential of the form: 

𝑓𝑓(𝐷𝐷) = 27.08𝑒𝑒−(0.037𝐷𝐷), 

( 32 ) 

where D is the distance from the origin. f(D) is the probability density function (PDF) for EAB 

and describes the distribution of EAB at the end of a single year. To normalize f(D), the area 

under the PDF must be equal to one. It was stated in the experiment that after 800 meters 

distance from the origin that the vast majority of tracked EAB were discovered, which we used 

as our upper limit for the PDF. To find the area we integrate over the domain 

∫ 27.08𝑒𝑒−(0.037𝐷𝐷)𝑑𝑑𝑑𝑑 =800
0 �0.2708

−0.037
� 𝑒𝑒(−0.037𝐷𝐷). 

( 33 ) 

Once we evaluate the curve our to 800 meters, the area under the curve defined in eq. 

(32) is far higher than 1. We solve for the area under the curve from the origin up to a distance of 

800 meters 

�0.2708
−0.037

� ∙ �𝑒𝑒�−0.037(800)� − 1� = 0.2708
0.037

= 7.3189, 

( 34 ) 
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which results in a normalization factor of 7.3189. We integrate this normalization factor into our 

diffusion distances according to eq. (35). 

𝐹𝐹(𝐷𝐷) = �0.2708
7.3189

� 𝑒𝑒(−0.037𝐷𝐷). 

( 35 ) 

For each year, T, the diffusion rate is varied between the bounds of 5m and 805m to 

capture most spread events defined under the curve. For each distance, a different model run is 

realized. The runs are compiled, 𝐷𝐷𝑧𝑧, and reduced to the proportion that would be expected under 

eq. (35) and the result is used as the input for the next T, eq. (36).  

𝐷𝐷𝑧𝑧 = ∑  𝐹𝐹(𝐷𝐷). 

( 36 ) 

After experimentation we noted slightly more EAB than should be expected after 

compiling all diffusion coefficients using eq. (35) and eq. (36). After eliminating other 

possibilities, we attribute to our 800-meter integration limit. We included the rate at which 

additional EAB appeared as a normalization factor in addition to eq. (35) to prevent leakage due 

to the bounds of the integral. This term equals 1.011260648225738, which only compensated 

for a 1 percent error after compiling diffusion coefficients. 

In eq. (1), 𝐷𝐷𝑢𝑢 is the diffusion coefficient which is the diffusion in the x and y directions 

and is calculated from D which is the experimentally determined distance. We calculate 𝐷𝐷𝑢𝑢 

according to eq. (37) to transform the linear distance into circular diffusion and change the unit 

of time from a yearly rate to a monthly rate by dividing by 4, 

𝐷𝐷𝑢𝑢 = π ∙ �𝐷𝐷
4
�
2
. 

( 37 ) 
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For future terms, it is useful to know the average of the PDF for EAB diffusion in eq. 

(35). To solve for the average, we integrate eq. (38) with respect to D, to determine the average 

D value observed by Mercader et al. (2009). 

< 𝐷𝐷 >= ∫ �0.2708
7.3189

�𝐷𝐷𝑒𝑒(−0.037𝐷𝐷)800
0 𝑑𝑑𝑑𝑑, 

( 38 ) 

< 𝐷𝐷 >= 27.027. 

( 39 ) 

Determining the average of the PDF is necessary, eq. (39), because EAB diffusion is not 

strictly predicted by distance and EAB adults are known to be attracted to areas with dense 

Fraxinus and areas with stressed Fraxinus. Mercader et al. (2016)’s observed that their data 

collected in 2009 was collected in an area where Fraxinus was abundant and evenly distributed. 

In a follow up experiment by Siegert et al. (2010), the effects of low density and stress were 

observed in an area with much lower densities of host trees and a few stressed trees. Data 

collected here showed an increased propensity for EAB to colonize sites with more available 

phloem �> 1000 𝑚𝑚2

ℎ𝑎𝑎
� and stressed individual trees. Stressed trees offer lower resistance to EAB 

and so are more attractive to EAB. We identify areas that have abundant Fraxinus and areas that 

have already been damaged by EAB in previous years, T, to estimate the influence of site factors 

on the dispersal of EAB. 

The site factors are assumed to cause the diffusion of EAB to shift either positively or 

negatively. For instance, low abundance of Fraxinus, Ab, has been observed to have a positive 

effect on the rate of EAB spread, with a maximum factor of 10.0909 over baseline spread when 
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available experimental data, when Fraxinus is at carrying capacity, the Ab is considered to be 1, 

and when Fraxinus is less than 1 percent of carrying capacity, Ab is considered 10. We make a 

linear assumption between our two data points and solve to give us eq. (41), 

𝐴𝐴𝑏𝑏 = 10.0909 − 0.2639𝐴𝐴. 

( 41 ) 

We simplify the numbers to a factor of 10 due to the noted imperfections of the data and so drop 

the influence of density slightly to compensate. 

  The second factor, 𝐴𝐴𝑠𝑠𝑠𝑠 is dependent on the separate ratio value 𝐴𝐴𝐿𝐿 , which is the ratio of 

Fraxinus at the initial time minus the current Fraxinus all over the Fraxinus at the initial time. 

This gives us a ratio for the decline of Fraxinus compared to the initial time step. 

𝐴𝐴𝐿𝐿 = 𝐴𝐴(0)−𝐴𝐴(𝑖𝑖)

𝐴𝐴(0)
. 

( 42 ) 

We then take the resulting ratio and apply it to three thresholds for stress-induced spread 

from Mercader et al. (2016) and again use a linear interpretation between the two points. 

𝐴𝐴𝑠𝑠𝑠𝑠 = �
1                                                        𝐴𝐴𝐿𝐿 < 0.0016
18.27𝐴𝐴𝐿𝐿 + 0.97             0.0016 >  𝐴𝐴𝐿𝐿 > 0.33
7                                                             𝐴𝐴𝐿𝐿 > 0.33

. 

( 43 ) 

This constrains the limits of this effect as either negligible, or maximum effect with the highest 

observed impact on spread (lower by a factor of 7) (Mercader et al., 2011, 2016) and the third 

case bridges the two extremes. 

The first case in eq. (43) states that there was no influence from stress if less than 1.6 

percent of the Fraxinus had been consumed by EAB. Then between that point and the tested 
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point of 33 percent of the Fraxinus consumption, the relationship for stress was assumed to 

stretch linearly based on the percentage reduction of Fraxinus from 1 to 7, and then the 

relationship stopped increasing. 

A1.5 EAB Reproduction and Crowding  

EAB reproduces at a rate of 12 ± 4.74 percent per year (Mercader et al., 2016). Mercader 

et al. (2016)’s results indicate that the population of EAB increases twelvefold every year in low 

density populations.  

The units of EAB growth are ℎ𝑎𝑎
𝑚𝑚2𝑡𝑡

 because it is a ratio regarding time with respect both to 

space and available basal area. For our initial numbers we can say that EAB grow with both 

respect to time and area. This value does not need additional transformation to be used, as results 

from previous iteration of this model showed limited sensitivity to EAB growth rate within 

known bounds (Lyttek et al., 2019). EAB growth then equals to the maximal growth rate of EAB 

over the number of months (t) in the active season of the year (𝑇𝑇) 

𝐺̅𝐺 =
12 𝐸𝐸𝑙𝑙

𝐸𝐸𝑎𝑎𝑇𝑇

4𝑡𝑡𝑇𝑇
. 

( 44 ) 

Data regarding the crowding of EAB proved to be rare, with the exception of one study 

(J. Duan et al., 2013), which mapped EAB survivorship rates with their density per unit of 

surface area, SA. To solve for our crowding rate in eq. (2), 𝐶̅𝐶,we used data from the survivorship 

curve to determine an appropriate crowding term. We used data from their lowest density test as 

there was still significant mortality, which was conducted at a rate of 200 EAB per square meter 
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of SA. We take the second half of eq. (2) and when the units are evaluated, we need 

𝐶̅𝐶 𝑡𝑡𝑡𝑡 ℎ𝑎𝑎𝑎𝑎𝑎𝑎 units of individuals per hectare over basal area, 

𝐶̅𝐶𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) = 𝑖𝑖𝑖𝑖𝐸𝐸𝑙𝑙ℎ𝑎𝑎
𝑚𝑚2𝐵𝐵𝐵𝐵

∙ 𝑚𝑚
2𝐵𝐵𝐵𝐵
ℎ𝑎𝑎

− 𝑖𝑖𝑖𝑖𝐸𝐸𝑙𝑙. 

( 45 ) 

To solve for 𝐶̅𝐶 we use J. Duan et al., (2013)’s experimental results per square meter of SA and 

the conversion of a fully grown stand of Fraxinus from SA to BA, 

𝐶̅𝐶 = 119 𝑖𝑖𝑖𝑖𝐸𝐸𝑙𝑙
𝑚𝑚2𝑆𝑆𝑆𝑆

∙ 10323.59𝑚𝑚2𝑆𝑆𝑆𝑆ℎ𝑎𝑎
𝑚𝑚2𝐵𝐵𝐵𝐵

, 

( 46 ) 

which results in a crowding coefficient of 𝐶̅𝐶 = 1228507.21. 

Future generations of 𝐸𝐸𝑎𝑎 in future T are equal to the previous T’s final 𝐸𝐸𝑙𝑙 population. This is 

further discussed in section 1.6.3 in eq. (49).  

A1.6 Parasitism of EAB 

The addition of parasitoids has become the primary focus of EAB management, yet at 

this point, there is no known threshold analysis regarding the success of these introductions with 

the primary goal of preserving Fraxinus. There are 4 species of concern—three exotic and one 

native—which we will be exploring (Tables 1 and 13). 
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𝐸𝐸𝑙𝑙(𝑇𝑇) = 𝐸𝐸𝑙𝑙(𝑡𝑡) ∙ �

𝑃𝑃𝑜𝑜𝑜𝑜4 −1
𝑃𝑃𝑜𝑜𝑜𝑜

�, 

( 47 ) 

where the 𝐸𝐸𝑙𝑙(𝑇𝑇) is the expected population at the end of a year when some number of 𝐸𝐸𝑙𝑙 eggs are 

laid, 𝐸𝐸𝑙𝑙(𝑡𝑡) is the monthly rate of population increase that results in the population 𝐸𝐸𝑙𝑙(𝑇𝑇), and 

�𝑃𝑃𝑜𝑜𝑜𝑜
4 −1
𝑃𝑃𝑜𝑜𝑜𝑜

� is the rate of decline, which is defined as the annual rate raised to the 4th power, for the 

number of active periods, minus 1 over the annual rate. We solve for the monthly rate and 

integrate into eq. (2) to reduce growth of EAB. 

𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) = 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖) + min�𝐺̅𝐺𝐸𝐸𝑎𝑎(𝑡𝑡𝑖𝑖)(1 − 𝑃𝑃𝑜𝑜𝑜𝑜), 𝐶̅𝐶𝐴𝐴(𝑡𝑡𝑖𝑖) − 𝐸𝐸𝑙𝑙(𝑡𝑡𝑖𝑖)� 

A1.6.2 Tetrastichus planipennisi and Spathius galinae 

Both Tetrastichus planipennisi and Spathius galinae parasitoids attack 3rd and 4th instar 

EAB larva, are usually released together and so a combined factor is appropriate. To 

approximate the continuous parasitism by these species, the mortality rate is based on an 

exponential function linked to the growth rate of EAB and the time step. The ceiling is capped at 

the absolute value discovered for Spathius galinae, 𝑃𝑃𝑆𝑆𝑆𝑆, and the floor defined as the minimum for 

Tetrastichus planipennisi, 𝑃𝑃𝑇𝑇𝑇𝑇, as they prey on EAB larva that are in different diameter classes of 

Fraxinus and so are only fully effective when deployed together (Table 13) 

𝑃𝑃𝑇𝑇𝑇𝑇 + 𝑃𝑃𝑆𝑆𝑆𝑆 = 𝑃𝑃𝑚𝑚𝑚𝑚. 

( 48 ) 

A timestep adjustment like Oobius agrili was applied to 𝑃𝑃𝑚𝑚𝑚𝑚 as well (Table 1), eq. (47). Which is 

then used as a continuous mortality rate across the active season. 
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A1.6.3 Phasgonophora sulcate and EAB Emergence 

The final parasitoid is a native that normally parasitizes other members of the Agrilus 

genus besides EAB but has been observed aggressively parasitizing EAB in some areas of the 

Northeast USA and Canada. This species has an annual life cycle and overwinters like EAB, so 

parasitized EAB continue to consume Fraxinus throughout their larval stage. However, no new 

adult emerges in the spring and instead, a new parasitoid emerges. 

This makes the parasitoid a vector that effectively limits the new emerging adult EAB 

population. Additionally, similar rates have been observed around woodpeckers in heavily 

infested stands and trees developing resistance (D. E. Jennings et al., 2016; D. Kashian et al., 

2018; D. Kashian, 2016). Additionally, no transformation of the annual rate is needed, as the rate 

is applied once yearly as a failure rate according to eq. (8) below 

𝐸𝐸𝑎𝑎�𝑡𝑡0𝑇𝑇1�
= 𝐸𝐸𝑙𝑙�𝑡𝑡12𝑇𝑇0 �

(1 − 𝑃𝑃𝑃𝑃𝑃𝑃), 

( 49 ) 

𝐸𝐸𝑙𝑙�𝑡𝑡0𝑇𝑇1�
= 0 

( 50 ) 

where the population of 𝐸𝐸𝑎𝑎 at the initial timestep, 𝑡𝑡0, in year 𝑇𝑇1 equals the population of 𝐸𝐸𝑙𝑙 in the 

last timestep, 𝑡𝑡12, of the previous year, 𝑇𝑇0, eq. (49). The population of 𝐸𝐸𝑙𝑙 in the first timestep of 

the following year, 𝑇𝑇1, is then set to zero as larva graduate into adults, eq. (50).  

A1.6.4 Application and Integration of Parasitism 

There is significant variability in rates of parasitism especially when we are looking at 

introduction and sometimes establishment fails and can lead to exceptionally low effectiveness. 

To integrate this randomness, each parasitoid has variable effectiveness across the landscape 
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within bounds. This rate changes with each new year, T, of the simulation, which is appropriate 

as surveys of parasitoids invariably show variability year-to-year, even in established sites. 

Distributions for Oobius agrili, Tetrastichus planipennisi, and Spathius galinae are based on 

quintiles of their expected distributions from experimental evidence (Table 13), while 

Phasgonophora sulcata is shifted by one standard deviation, 0.02, of its mean (Table 1). 

A1.7 Random Introduction of EAB 

The introduction of EAB, given the rest of the model system, was assumed to be random 

across the study area, but fixed by a random number seed to allow for repeatability. These 

introductions caused variance, but all scenarios followed a similar trajectory. New infestation 

points were chosen as the intersection between two random number streams. The first vector was 

set at a positive rate of 0.1 and the second was set at a rate of 0.0027 set by a different seed to 

place new infestations at rate similar to dendrochronological studies for EAB (Siegert et al., 

2014). This methodology was used to place a varied, but low number of introduced events for the 

study area (Table 14) and is an assumption on the rate of new introductions consistent with other 

papers (Ali et al., 2015; Mercader et al., 2016). 

Siegert et al. (2014) found on average 7.4 new infestations per year, with an average 

dispersal distance of 24.5 km, which is in line with the size of our smaller study area, if slightly 

larger, but this study was done over a much larger area. In our model, new infestation sizes were 

kept small at 4 new individuals per year. Through parameterization testing we found early on 

that the existence of a disjointed population is more of a deciding factor rather than the size, as 

tests with larger introductions showed insignificant difference. 
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Appendix 2: Chapter 3 Supplementary Information 

A3.1 Altered Derivation for EAB Consumption and Fraxinus Growth 

We utilize an alternative parameterization for the EAB-Fraxinus PDE model when we 

are evaluating Fraxinus decline over EAB population dynamics. This alternative 

parameterization is focused on eq. (4) where we relate EAB consumption, C, to the populations 

of both EAB larva, El, and Fraxinus density, A. In this model we remove the relation to A, and 

instead focus squarely on EAB biology for the consumption term, as detailed in eq. (10). We 

start with the same data found in Appendix 1.2 for this variant but discount the data about 

Fraxinus. We start with the consumption noted in McCullough & Siegert, (2007) and derive for 

the same units without the inclusion of A as a variable, 

1𝑚𝑚2𝑆𝑆𝑆𝑆
88.9𝐸𝐸𝐸𝐸𝐵𝐵𝑙𝑙∙4𝑡𝑡

. 

To balance the combined term 𝐶𝐶𝐸𝐸𝑙𝑙 needs units of 𝐵𝐵𝐵𝐵
ℎ𝑎𝑎∙𝑡𝑡

, and the term C needs units of 𝐵𝐵𝐵𝐵
𝑖𝑖𝑖𝑖∙𝑡𝑡

 to 

balance with the units of E�𝑖𝑖𝑖𝑖
ℎ𝑎𝑎
�. Currently, C is in terms of 𝑚𝑚

2(𝑆𝑆𝑆𝑆)
𝑖𝑖𝑖𝑖∙𝑡𝑡

. To transform this, we 

transform the ha term in E into 𝑚𝑚2(𝑆𝑆𝑆𝑆). To do this, we calculate the maximum surface area per 

ha, which according to the equation is 10323.59 𝑆𝑆𝑆𝑆
ℎ𝑎𝑎

. We solve for SA in 1 BA, which is 299.8 𝑆𝑆𝑆𝑆
𝐵𝐵𝐵𝐵

 

Thus, the consumption term in this version is defined in eq. (10) by eq. (51), 

0.002812 𝑚𝑚2(𝑆𝑆𝑆𝑆)
𝑖𝑖𝑖𝑖∙𝑡𝑡

∙ 1𝐵𝐵𝐵𝐵
299.8𝑚𝑚2(𝑆𝑆𝑆𝑆) = 0.000009381 𝐵𝐵𝐵𝐵

𝑖𝑖𝑛𝑛∙𝑡𝑡
. 

( 51 ) 
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3.1 Seasonal Water Yield Figures and Tables 

Seasonal Water Yield was also completed in the course of the study to check on the 

impacts to watershed recharge rates and quickflow (QF) during storm events. We found that the 

results backed up the results found for sedimentation discussed in Chapter 4. QF dramatically 

increased under barren site conditions and only moderately so under shrubby conditions, which 

would likely lead to increased storm surge and sedimentation. Recharge rates were similar with 

stable conditions when the understory was shrubby but increased dramatically in the Eastern 

section of the study area under barren site conditions. Input sources for the seasonal water yield 

model (Table 26) are included after the figures showing the results from the Seasonal Water 

Yield model (Figures 26-28), as well as the biophysical value tables for the three model runs 

(Tables 27-35). 
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Figure 26: Seasonal Water Yield Results with Base parameterizations. VRI is a measure of 
impact on recharge that can either be positive or negative, which is contrasted with Local 
Recharge, which is calculated on a pixel by pixel basis. Quickflow (QF) indicates the amount of 
rain water that will run off the surface quickly in the event of a normal rain event in the space, 
while baseflow indicates the amount of water from each pixel that reaches a stream or other 
waterbody. 
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Figure 27: Proportional Change to Quickflow (QF) and VRI, Map of the values of recharge 
contribution, positive or negative, to the total recharge. Quickflow is significantly greater under 
barren site conditions. However, the contribution to recharge rate is more difficult to see in this 
map, as there are both significant positive and negative changes across the landscape. 
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Figure 28: Proportional change to VRI and Local recharge displayed by sub-watershed. Using 
the summed polygons of the VRI and Local Recharge rates we can see that the impact to 
recharge rates is outsized in the Eastern section of the study area. This is pronounced especially 
for the barren site values, but there is a small increase under shrubby conditions as well. 
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Appendix 4: Model Repository 

A repository of the model structures described in the above dissertation is available at 

(https://github.com/EWLyttek/EAB_MODEL_ARCHIVE) as an archive for further detail, 

transparency and replicability. 
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