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Thesis Abstract 

Ecological disturbances of a region shape the landscape and influence ecosystem 

structure and function. However, in a rapidly changing world, newly introduced 

disturbances such as diseases and pests interact with historical disturbance regimes in 

unknown ways. The purpose of this thesis was to identify relationships between oak wilt, 

a catastrophic disease of oak trees introduced to Minnesota in the 1940s, and two 

historical disturbances of central Minnesota: low intensity fires and severe weather 

events.   

 

1. The relationship between fire frequency and oak wilt occurrence was explored 

using a prescribed burning program at Cedar Creek Ecosystem Science Reserve. 

Using data collected from a census of 1,700 oak trees located on 28 different burn 

plots, two descriptive models were created: a logistic regression model to describe 

the probability of oak wilt presence and a Poisson regression model to describe 

density of stems with oak wilt.  High fire frequency plots had lower oak wilt 

probability and oak wilt stem density than low fire frequency plots. Oak wilt 

presence was lower in high fire frequency plots than low fire frequency plots as 

well. These results suggest there is a relationship between high fire frequency and 

reduced probability of oak wilt presence and oak wilt stem densities.  This 

relationship provides preliminary support for the use of prescribed burning as a 

possible management tool in conjunction with existing control measures. 
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2. The relationship between severe weather events (wind speeds > 50 knots and/or 

recorded hail amounts) and new oak wilt infection site was examined using 

NOAA’s severe weather events database and Minnesota DNR oak wilt aerial 

surveys for Anoka County. New oak wilt pocket formation occurred more 

frequently in areas where a severe weather event occurred the previous year. 

These results suggest severe weather events increase the probability of 

aboveground transmission of oak wilt via insect vectors and the likelihood of new 

oak wilt pocket formation. This relationship can be used to prioritize recently 

storm-damaged areas for more focused surveying in order to increase the success 

of early oak wilt detection. 

 

The relationships between fire frequency, severe weather events, and oak wilt 

presented within this thesis provide a framework for future adaptations and research to 

further inform oak wilt detection and management practices. 
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Chapter 1. Oak wilt and interactions with historical disturbances in Minnesota 
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Oak Importance 

Oaks (Quercus spp.) represent an invaluable genus of trees in the Fagaceae 

family found worldwide and throughout the state of Minnesota. Nationwide there are 58 

native Quercus species and state-wide there are nine species (Juzwik et al., 2011). Oak 

species are major components of countless forest types ranging from xeric to mesic and 

covering over 80 million hectares across the country (Juzwik & Schmidt, 2000). In 

Minnesota, oaks remain a significant canopy species in most forest ecosystems from the 

oak-dominated woodlands of the Mississippi river valley in the east to the oak-hickory 

woodlands of the Eastern Broadleaf ecotype in central Minnesota (Miles et al., 2007; 

Juzwik et al., 2011). Oak trees provide countless ecosystem services in both forest and 

urban settings including habitat and forage for wildlife, rainfall interception, soil retention, 

shade production, pollution reduction, and carbon sequestration (Juzwik & Schmidt, 

2000; Oak Woodlands Management Plan, 2003; Juzwik et al., 2011; Introduction of Oak 

Ecology, n.d.). Oak wood is economically valuable as well. Fifty species native to North 

America are commercially valued for their high-quality lumber with the harvest value of 

oaks in seven Upper Midwest states totaling over $223 million dollars annually (Juzwik & 

Schmidt, 2000; Juzwik et al., 2011).   

 

Oak Wilt Background 

Oak wilt is the most significant disease of oak trees in the central and eastern 

United States and Texas (Nair & Kuntz, 1975; Menges & Kuntz, 1985; Juzwik & 

Schmidt, 2000; Wilson, 2005). Currently, oak wilt is present in 24 states (Juzwik et al., 

2011). Oak wilt is a disease of the vascular system of oaks by the fungal pathogen 

Bretziella fagacearum (formerly Ceratocystis fagacearum) of which all oak species are 

known to be susceptible (Tainter & Baker, 1996). The fungus invades the xylem in the 
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outer ring of sapwood triggering a host response in an attempt to isolate the infection. 

The infected host tree then produces defense compounds that clog its water-conducting 

vessels. Whether the pathogen is isolated or not, the tree can no longer transport water 

and nutrients effectively between the roots and the crown (University of Minnesota, 

2007; Carlson et al., 2010). Visible wilt symptoms appear in the upper and outer canopy 

and progress down the branch and through the canopy, resulting in defoliation (Carlson 

et al., 2010).  

Oak species native to central Minnesota possess a dichotomy of vulnerability to 

oak wilt.  Members of the red oak group, including northern red oak (Q. rubra) and 

northern pin oak (Q. ellipsoidalis), die within weeks or months of initial wilt symptoms 

(Blaedow & Juzwik, 2010). Conversely, members of the white oak group, including white 

oak (Q. alba) and bur oak (Q. macrocarpa), live with the disease for one to several years 

following infection (Blaedow & Juzwik, 2010). The differences in susceptibility between 

these two groups is due to differences in the physical structure of their vascular systems. 

The white oak family possesses smaller diameter vessel elements that limit movement 

of the fungus within the tree and can produce tyloses (ballooning parenchyma cells in 

the vascular system) to slow and even isolate the infection to a localized area of the 

stem (Blaedow & Juzwik, 2010). On the other hand, the red oak group possesses larger 

diameter vessel elements and fails to produce tyloses. The severity of oak wilt infection 

and the resulting rapid mortality in the red oak group is of significant concern.  

 

Oak Wilt in Minnesota 

Oak wilt is one of the most serious threats to Minnesota’s oak trees. From 2007 

to 2016, more than 266,000 oak trees in the state were infected with oak wilt (MITPPC, 

n.d.). Currently, oak wilt has been detected in 27 counties stretching from the southeast 

corner of the state to north central Minnesota (2018 Forest Health Annual Report, 2019). 
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The disease was first detected in five southeastern counties in the 1940s and has slowly 

spread north and west, now occupying 30% of the red oak range in Minnesota (2018 

Forest Health Annual Report, 2019). The historical northward spread of oak wilt in 

Minnesota has been seven miles per decade (Minnesota Forest Health, 2012). Over 

650,000 acres of urban and rural forests are currently threatened by this disease (2018 

Forest Health Annual Report, 2019). A 2010 Anoka County study predicted that 21,000-

29,000 oak trees would die each year in the county from oak wilt (Haight et al., 2011). 

The same study predicted approximately 20% of all oaks would be killed by 2030 

resulting in removal costs of approximately 143 million dollars (Haight et al., 2011). 

 

Oak Wilt Transmission Pathways 

B. fagacearum spreads between oak trees in two primary ways: locally by root 

grafts and over greater distances by insect vectors (Menges & Kuntz, 1985; Blaedow & 

Juzwik, 2010). The most common transmission pathway of the pathogen from diseased 

host to new host is through root grafting. It is estimated 90% of new infections begin this 

way (University of Minnesota, 2007). Belowground transmission results in the localized 

spread of the disease and the formation of characteristic oak wilt pockets (Blaedow & 

Juzwik, 2010). The second form of transmission results in the formation of new oak wilt 

pockets and transmission over greater distances (up to one mile) and is facilitated by 

sap-feeding beetles (Coleoptera: Nitidulidae) (Juzwik et al., 2004). 

 

Oak wilt transmission via root grafts. When in close proximity, oak trees form 

root grafts with neighboring trees, typically within the same species. The fibrous root 

systems of different trees overlap in the soil, forming a complex pattern where numerous 

different root systems occupy the same square meter of soil (Perry, 1982). Over time, 
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these fibrous roots expand and develop into woody roots, ultimately forming grafts 

between adjacent and nearby trees (Perry, 1982). Through continuous xylem shared by 

root connections, endoconidia of B. fagacearum are quickly and efficiently transmitted 

throughout the localized area resulting in characteristic “oak wilt pockets” or disease 

centers that expand outward year after year (Menges & Kuntz, 1985; Bretziella 

fagacearum, 2019). An Illinois study found over 90 percent of all underground oak wilt 

transmissions occurred between two trees that were 30 feet apart or less (Himelick & 

Fox, 1961). The frequency of root graft transmission is influenced by a range of soil, 

host, and stand characteristics and varies widely between regional and local scales 

(Gibbs & French, 1980).  

The likelihood of two trees grafting is determined by three factors: distance 

between trees, tree diameter, and soil characteristics (Carlson et al., 2010). Root 

grafting frequency between oak trees increases as the distance between the trees 

decreases (Himelick & Fox, 1961; Nair & Kuntz, 1975; Menges & Kuntz, 1985). A 2010 

study of red oak root grafts in fine sandy soils in east-central Minnesota found that root 

grafts, on average, occurred between trees that were 1.1m (3.6 ft) apart (Blaedow & 

Juzwik, 2010). Historically, the maximum distance thought possible for root grafting 

between oak trees was fifteen meters or fifty feet (Nair & Kuntz, 1975; Menges & Kuntz, 

1985). Large diameter trees possess more extensive root systems, increasing the 

number of overlapping roots between separate root systems and increasing the 

probability of root grafting. Finally, soil characteristics are key factors in root graft 

frequency and root grafting distances from the main stem as well. In sandy soils, root 

grafts occur more frequently (Parmeter et al., 1956) and can occur significantly further 

from the main stem than in loam soils (Bruhn & Heyd, 1992; NRCS, n.d.). Sandy soils 

possess increased macropore space between soil aggregates allowing for easier and 

quicker root growth than soils with less macropore space (Perry, 1982). Historically, a 
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maximum inter-tree distance for oak wilt transmission via root grafts of 50 feet has been 

used to direct management efforts (Nair & Kuntz, 1975; Menges & Kuntz, 1985); 

however, in sandy soils this maximum distance should be extended from 50 to 85 feet 

(Bruhn & Heyd, 1992).  

 

Oak wilt transmission via insect vectors. The establishment of new oak wilt 

centers and the transmission of oak wilt over greater distances occurs due to vectoring 

of B. fagacearum endoconidia and ascospores by sap-feeding beetle vectors. In 

Minnesota, two beetle species are the primary vector of oak wilt: Colopterus truncatus 

and Carpophilus sayi (Juzwik et al., 2004). Sap feeding beetles are attracted to aromatic 

reproductive structures produced by B. fagacearum that rupture through the bark on 

disease-killed oak trees (Juzwik et al., 2004). C. truncatus and C. sayi feed on the fungal 

tissues, consequently ingesting and covering their bodies in viable fungal reproductive 

spores (Juzwik et al., 2004). Successful oak wilt transmission occurs when spore-

covered beetles visit fresh xylem-penetrating wounds on healthy oak trees to feed 

(Juzwik et al., 2004). The maximum flight range of these primary insect vectors is 

approximately one mile (Juzwik et al., 2004). Fungal spores are introduced directly into 

the vascular system of a wounded, healthy tree and spread throughout the tree. 

Susceptibility of oak wounds to infection decreases quickly over time. Natural infection 

typically does not occur after 24 hours of wound creation, but inoculation studies 

observed maximum infection times of six to eight days (Zuckerman, 1954).   

 

Oak wilt spring infections. The probability of new oak wilt infections depends 

heavily on timing. New oak wilt infections are most common in late spring and early 

summer (March to July with the highest probability in May and June) for three primary 
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reasons. First, oak trees are the most susceptible to B. fagacearum infection in the 

spring due to their vascular structure. The initial production of oak tree xylem in the 

spring (termed “earlywood”) results in vascular elements that are larger in size than 

xylem produced later in the growing season (termed “latewood”). The larger vessel 

elements allow for more efficient transport of water and nutrients in spring when water is 

readily available and nutrient movement is highest due to leaf development (Juzwik & 

Schmidt, 2000). Earlywood cells are large enough for B. fagacearum spores to fit inside 

while latewood cells restrict movement of the fungus (Juzwik & Schmidt, 2000). The 

likelihood of infection is greater and once inside, the spores are then transported 

vertically through the vessel elements of the oak xylem resulting in a greater rate of 

spread and systemic infection during the late spring (Juzwik & Schmidt, 2000). The 

second reason new oak wilt infections are most common in the spring is because of the 

lifecycle of primary insect vectors for aboveground transmission. The most active flight 

period of B. fagacearum’s most important insect vectors also begins in the late spring 

(Juzwik et al., 2004). The increased activity of C. truncatus and C. sayi in Minnesota 

results in greater probability of new oak wilt infection. Lastly, the spring and early 

summer coincide with the largest number of severe weather events in Minnesota which 

have been shown to have a significant impact on oak wilt transmission.  

 

Severe Weather Impacts on Aboveground Oak Wilt Transmission  

Severe weather events in the Upper Midwest can cause widespread damage to 

trees increasing the probability of oak wilt infection by insect vectors. Thunderstorms in 

the Midwest region are typically accompanied by high wind speeds and heavy 

precipitation and most commonly occur during the late spring through the early fall 

(Juzwik & Schmidt, 2000; Midwestern Regional Climate Center, 2012). Frequent 

thunderstorm occurrence during May, June, and July results from the collision of warm, 
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moist maritime air masses and cold, dry continental air masses (MRCC, 2012). Severe 

storms act as loading events that put irregular strains or loads on a tree resulting in 

direct tree canopy damage through the breaking of branches (Johnson & North, 2013). 

Wind speeds greater than 55 miles per hour lead to a high probability of wind-related 

tree damage (National Oceanic and Atmospheric Administration, n.d.). The state of 

Minnesota receives on average, six such events every year, with increased events in 

recent years (Coder, 2014).   

Severe weather events damage trees through heavy precipitation as well. The 

precipitation type that results in the greatest amount of direct damage to trees is hail. 

Hail events are often associated with spring thunderstorms when cooler temperatures 

cause water droplets to freeze. Hailstones cause extensive damage to the bark and 

branches of trees resulting in subsequent bark splitting, bark loss, drying of sapwood, 

and eventual tree mortality, in extreme cases (Riley, 1953). Hail damage usually affects 

relatively small areas (10-40 square miles), though impacted areas of up to 600 square 

miles have been observed (Riley, 1953).  

Oaks are especially susceptible to hail damage. Larger trees are bigger targets 

for hailstones and often receive greater amounts of direct damage, as a result (Dobbs & 

McMinn, 1973). Oaks are typically dominant canopy species in forests where they are 

found, meaning they are more likely to receive greater amounts of hail strikes. Lesions 

and wounds due to hailstones often predispose trees to secondary invasion and further 

damage by fungi and insects (Laut & Elliott, 1966; Dobbs & McMinn, 1973). Hail damage 

to oak trees is especially impactful in forests where oak wilt is already present. Sudden 

Increases in fresh lesions and wounds on oak trees could increase the likelihood of sap-

feeding beetle visits and oak wilt spore transmission. 

Severe weather events, when accompanied by high winds, can accelerate the 

aboveground transmission of oak wilt into new areas. In 2012 and 2013 oak wilt 
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appeared in parts of Minnesota and Wisconsin where it was not previously observed. 

Four Minnesota counties and one Wisconsin county reported numerous new oak wilt 

pockets following a severe windstorm in 2011 (Minnesota Forest Health, 2012). On July 

1, 2011 a severe windstorm with winds over 100 miles per hour passed through central 

Minnesota damaging millions of oak trees (Minnesota Forest Health, 2012).  The 

extended spread of oak wilt into these new areas far outpaced the typical rate of spread 

in Minnesota, 0.7 miles per year (Minnesota Forest Health, 2012). It is unknown whether 

B. fagacearum was present in marginal amounts within these areas prior to the 

widespread storm damage or if the high winds vectored spores from highly infected 

areas (Minnesota Forest Health, 2012). Similarly, in 1998, three major summer storms in 

central Minnesota resulted in xylem-exposing wounds and new oak wilt pockets were 

observed and confirmed in these damaged oaks the following year (Juzwik & Schmidt, 

2000). 

 The relationship between severe weather events and increased oak wilt 

transmission has been observed anecdotally but not scientifically examined. Further 

analysis on this relationship is needed to understand how oak wilt, a recently introduced 

disturbance, interacts with the historic disturbance regime of severe weather.  

 

Prescribed Burning Impacts on Belowground Oak Wilt Transmission 

Fire is another historical disturbance of Minnesota that interacts with oak wilt in 

unknown ways. Historically, central Minnesota ecosystems experienced frequent fire 

disturbances which strongly influenced the vegetation type and structure of the area 

(Minnesota Department of Natural Resources, n.d.). The low intensity of the fires 

resulted in a diverse mosaic of ecosystems due to the complexity of the local topography 

(Peterson & Reich, 2001). Following European colonization and settlement of the area, 

fire was systematically excluded and actively suppressed as cultural attitudes shifted 
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(Allen & Palmer, 2011). The exclusion of fire resulted in a large expansion of woody 

plant species populations and a subsequent loss of prairies and savannas (Nuzzo, 

1986). Recent efforts to restore the area to the diverse, historic landscape have been 

accomplished, in part, by the reintroduction of fire into the landscape through prescribed 

burning (Peterson & Reich, 2001).  

 Prescribed burning is a popular management tool in central Minnesota that is 

used to restore the native forests, woodlands, and prairies of the region (Peterson & 

Reich, 2001). Prescribed burn management programs seek to replicate the historic fire 

regimes of the area in which they are administered. In central Minnesota, prescribed 

burns accomplish this goal, in part, by decreasing stem densities of forests and 

woodlands by removing introduced, fire-sensitive tree species and preventing the further 

development of a sapling understory layer (Peterson & Reich, 2001). Prescribed burn 

frequency plays a vital role in the effectiveness of restoring native ecosystems. A central 

Minnesota study revealed three prescribed burns per decade reduced seedling densities 

in oak-dominated forests, while only two fires per decade increased understory density 

over time (Peterson & Reich, 2008). Oak species native to central Minnesota are fire 

adapted and have a variety of characteristics that enable them to survive repeated 

prescribed burns while introduced tree species do not (Brose, Dey, & Waldrop, 2014). 

Despite these adaptations, oak stem densities are still regulated by changing fire 

frequency. A fire return interval that is too short will kill slow-growing oak saplings that do 

not develop thick enough bark to withstand the heat of the flames, leading to oak stem 

density decline over time (Brose, Dey, & Waldrop, 2014). 

 Although the impacts of prescribed burn frequency on oak tree stem density has 

been extensively studied, the impacts on oak root grafting is far less understood. The 

main cause of tree mortality from a fire results from the cambium of a tree being 

exposed to high temperatures for prolonged periods of time, resulting in tissue death 
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(Brose, Dey, & Waldrop, 2014). However, the root system of a tree during a typical 

prescribed burn remains fairly insulated. It is unknown whether the oak root grafts 

remain active on trees that are killed during prescribed burns. It is also unknown if these 

root grafts can actively transmit oak wilt spores following prescribed burns. Overall, the 

impacts of prescribed burning on root grafts has yet to be examined.  

Further analysis into the relationship between prescribed burn frequency and oak wilt 

belowground transmission via root grafts is needed to better understand the impacts of 

newly introduced disturbances on historical disturbance regimes.  

 

Oak Wilt Management Limitations 

Oak wilt surveying. Landscape-scale diseases are exceedingly difficult to track 

effectively and manage successfully. A key element in landscape-scale disease control 

projects is knowing the location of the disease. Accurate surveying, tracking, and 

mapping of high mortality tree diseases across a landscape is crucial for the proper 

allocation of resources, including education and outreach, and overall success of 

management efforts. Wide-spread tree diseases, such as oak wilt, provide a particular 

challenge for accurate tracking due to large impacted areas and limited management 

resources. As a result, rough disease mapping of large infection areas is common 

practice instead of accurate mapping of smaller areas due to limited resources.  

Currently, oak wilt mapping for the majority of Minnesota is conducted via aerial 

survey by the Minnesota Department of Natural Resources and has several limitations. 

The aerial survey flight route is focused on the areas of central Minnesota and 

southeastern Minnesota where oak wilt is present. The flight transects are replicated 

each year but are shifted three miles north/south every other year to allow for more 

accurate mapping. Despite these efforts to increase accuracy, the effectiveness and 

accuracy of current aerial surveying to map oak wilt spread is limited and rough.  
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 Current aerial survey techniques cover a large area in a short amount of time. 

Standard operating procedures of aerial surveys involve a pilot with typically one, 

sometimes two, spotters. The spotter(s) simultaneously scan the flight path on both 

sides of the airplane, identify mortality centers, determine the identity of the dead trees, 

determine the cause of mortality, map the location on a mobile tablet device, and enter 

the corresponding information into the tracking database. All of these tasks are 

completed in quick succession with no opportunities to re-examine or check the 

accuracy of each observation. The accuracy of the recorded observations depends 

solely on the individual spotter’s skills, techniques, and expertise which can vary 

between individuals as well. The number of recorded mortality centers tracked on each 

survey can reach up to 400 new observations (B. Schwingle, personal communication, 

January 29, 2020). 

Improvements in oak wilt surveying accuracy can be achieved by decreasing the 

overall survey area. A 2018 aerial survey of Morrison County, Minnesota targeting small 

areas with high-density aerial surveys increased the total number of oak wilt 

confirmations by 600 percent (2018 Forest Health Annual Report, 2019). This small area 

survey utilized one-mile flight transects. These small-scale surveys have proven 

effective but selecting survey locations with a high probability of oak wilt infection is a 

challenge. The positive impacts of small-scale aerial surveying could be greatly 

increased if areas were prioritized due to the likelihood of new oak wilt pocket formation.  

 

Oak wilt direct management. Current oak wilt direct control methods are 

expensive and require equipment that is in exceedingly high demand. The most common 

oak wilt management strategy in forests involves severing the root connections and 

grafts of infected oaks with neighboring oak trees (O’Brien et al., 2017). A variety of 

machinery is available to accomplish this task and depends upon soil conditions and site 
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topography. In deep sand soils a vibratory plow with a 1.5 m (60 in.) blade is sufficient to 

sever most roots and the soil disturbance is minimal (Juzwik et al., 2011). In Minnesota, 

the vibratory plow is routinely used to create a primary and secondary line beyond the 

perimeter of active disease centers with a high degree of success and minimal soil 

disruption (Juzwik et al., 2011). However, vibratory plows are limited to predominately 

sandy soils and therefore can only be used in certain situations. Additionally, vibratory 

plows are expensive, require trained personnel to operate effectively, and are in 

exceedingly high demand. As a result, known oak wilt infection centers often fail to be 

treated within the short window of time (maximum of one year) to ensure the fungus 

does not continue to spread. In Morrison County, Minnesota, a county on the expanding 

border of oak wilt in the state, significant efforts have been made in recent years to 

identify and control oak wilt pockets. These efforts have resulted in the treatment of only 

one-third of all known infection sites in 2019 (2019 Forest Annual Health Report, 2020). 

Due to the current inability to effectively treat all known mortality centers in the state, 

new oak wilt management techniques that can be applied to a larger area of forested 

land must be constantly developed and researched in order to increase the success of 

management efforts across the state. 

 

Thesis Objectives 

Historical disturbances of a region have shaped landscapes and influenced 

ecosystem structure and function with heavily researched and predictable outcomes. 

However, in a rapidly changing world, newly introduced disturbances interact with 

historical disturbance regimes in unknown and unpredictable ways. This project sought 

to identify relationships between oak wilt, a catastrophic disease of oak trees introduced 

to Minnesota in the 1940s, and two historic disturbances of central Minnesota: low 

intensity fires and severe weather events. The main goal of this project is to examine 
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how these historical disturbances, low-intensity fires (Chapter 2) and severe weather 

events (Chapter 3), impact the two primary transmission pathways of oak wilt across the 

Anoka Sand Plain.  

The goal of Chapter 2 is to establish a relationship between severe weather 

events and oak wilt pocket transmission via insect vectors. This relationship will be 

examined by observing areas recently damaged by severe weather events and 

analyzing new oak wilt pocket formation the following year. Establishing this relationship, 

would allow for the prioritization of areas that suffered severe weather events (winds>50 

mph or hail events) for increased attention in aerial surveying or for potential small-scale 

aerial surveying in years following those severe weather events. Particularly, storm 

damage sites that are located in close proximity to the expanding front of oak wilt in the 

state of Minnesota would receive highest priority.  

The goal of Chapter 3 is to establish a relationship between prescribed burn 

frequency and oak wilt transmission via root grafting. This relationship will be examined 

by analyzing the presence and stem density of oak wilt within areas experiencing 

different prescribed burning frequencies. Establishing this relationship, would inform the 

use of prescribed burns as a possible management tool for oak wilt in areas where 

appropriate. Particularly, if oak wilt stem densities are impacted by fire frequency, 

prescribed burning could be used in conjunction with existing control measures to limit 

the overall cost and effectiveness of oak wilt management in areas with large amounts of 

the disease.  
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Chapter 2. Severe weather impacts on oak wilt aboveground transmission via 

insect vectors  
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Introduction 

A key element in landscape-scale disease control projects is knowing the 

location of the disease. Accurate surveying, tracking, and mapping of high mortality tree 

diseases across a landscape is crucial for the allocation of limited financial and human 

resources, including education and outreach, and thus the overall success of 

management efforts. Widespread tree diseases provide a particular challenge for 

accurate tracking due to large impacted areas and limited resources for detection. As a 

result, low resolution disease mapping of large infection areas is more common practice 

than high resolution mapping of smaller areas. To increase the accuracy of disease 

mapping and resulting disease control management efforts, smaller, high priority areas 

must be identified and heavily surveyed. How can these high priority areas be accurately 

identified and prioritized for management? 

One of the most widespread tree diseases is oak wilt, which is currently found in 

24 states across the country, including large portions of south and central Minnesota 

(Juzwik & Schmidt, 2000; Wilson, 2005; Juzwik et al., 2011). Oak wilt is a disease of the 

vascular system of oaks (genus Quercus) caused by the fungal pathogen Bretziella 

fagacearum (formerly Ceratocystis fagacearum) (Blaedow & Juzwik, 2010). B. 

fagacearum spreads locally by root grafts and over greater distances by insect vectors 

(Menges & Kuntz, 1985; Blaedow et al., 2010) and results in rapid mortality of members 

in the red oak group (section Lobatae) which can die within weeks or months of initial 

wilt symptoms (Blaedow & Juzwik, 2010). Red oak species are dominant canopy trees 

across the state of Minnesota, providing both economically valuable wood products and 

countless ecosystem services (Juzwik & Schmidt, 2000; Miles et al., 2007; Juzwik et al., 

2011). 

Oak wilt mapping in Minnesota is primarily conducted via aerial surveying by the 

Minnesota Department of Natural Resources. Current aerial survey techniques cover 
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large areas (up 450 square miles) in a short amount of time (1-2 days) with limited 

observers (typically one spotter). A single spotter is responsible for simultaneously 

scanning the flight path (both sides of the airplane); identifying mortality centers, species 

of dead trees, and the causal agent of mortality; and mapping the location and adding 

information into the tracking database on a mobile tablet device (B. Schwingle, personal 

communication, January 29, 2020). Flight transects are only flown once, with no 

opportunities to re-examine or check the accuracy of each observation. The current 

surveying process likely results in only a limited scope of the true extent of the disease 

as oak wilt pockets go undetected.  

Improvements in oak wilt surveying accuracy can be achieved by decreasing the 

overall survey area and flight transect width. A 2018 aerial survey of Morrison County, 

Minnesota targeting small areas with high-density aerial surveys (one-mile flight 

transects) increased the total number of oak wilt confirmations by 600 percent over the 

previous year (2018 Forest Annual Health Report, 2019). These small-scale surveys 

have shown to be effective, but prioritizing survey locations that contain a high 

probability of new oak wilt pocket formation is a challenge. 

The majority of oak wilt management efforts in Minnesota are focused on slowing 

and limiting the spread of the disease along the northernmost edge of its known range. 

The Minnesota Department of Natural Resources prioritizes early disease detection, 

outreach efforts, and management at two key locations along this northernmost edge: 

Pine County and Morrison County (2019 Annual Forest Health Report, 2020). Early 

detection of oak wilt has been greatly improved in these locations by the use of high-

density aerial surveys (mentioned above). Despite these improvements, known oak wilt 

pockets in the county are likely still an underestimate (2019 Annual Forest Health 

Report, 2020). The accuracy of oak wilt pocket detection would be improved if 
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subsections of these counties were further prioritized as locations with higher likelihoods 

of new oak wilt pocket formation. 

 

Severe weather effects on oak wilt transmission. Characterizing locations of 

severe weather events in Minnesota during the spring and summer in areas infected with 

oak wilt could provide a way to further prioritize locations for targeted surveying efforts.  

Thunderstorms in the Midwest region often result in tree canopy damage due to 

irregular strain and loading by high wind speeds (greater than 58 miles per hour) or 

direct damage from heavy precipitation like hail (Riley, 1953; Juzwik & Schmidt, 2000; 

Midwestern Regional Climate Center, 2012, Johnson & North, 2013). Creation of xylem-

exposing wounds during early spring or summer coincides with three phenological and 

physiological events that increase the likelihood of new oak wilt infections (Juzwik & 

Schmidt, 2000): spring fungal mat and ascospore/endoconidia production of B. 

fagacearum, the most active flight period of B. fagacearum’s most common insect 

vectors in Minnesota (Juzwik et al., 2004), and the production of earlywood oak xylem 

(Juzwik & Schmidt, 2000). Earlywood xylem cells are large enough for B. fagacearum 

spores to fit inside while latewood xylem cells restrict fungal movement (Juzwik & 

Schmidt, 2000). B. fagacearum spores entering into earlywood xylem through exposed 

wounds spreads the pathogen vertically through the xylem vessels resulting in a greater 

rate of spread and greater infection area throughout the tree, leading to a higher 

mortality rate (Juzwik & Schmidt, 2000). 

 A relationship between severe weather events and formation of new oak wilt 

pockets the following year has been observed anecdotally but has yet to be explored 

empirically. What is the relationship between the two? If a direct relationship is present, 

what does it mean for the prioritization of current oak wilt management projects and 

resources? 
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The goal of this research project is to examine the relationship between severe 

weather events and new oak wilt pocket formation the following year. I expect there will 

be more new oak wilt pockets in areas that experienced severe weather events the 

previous year. A case study of aerial surveys in Anoka County, Minnesota was used to 

examine the possibility of this relationship. If a relationship is found, priority can be given 

to areas that experience severe weather events for increased attention in oak wilt aerial 

surveying or for small-scale oak wilt aerial surveys in years following severe weather 

events. The establishment of this relationship would increase early detection success by 

prioritizing smaller, storm-damaged areas, allowing for more successful disease 

detection in high priority areas of Minnesota.  

 

Materials and Methods 

Site description. The study site for this project is Anoka County, Minnesota. 

Anoka County is located on the north side of the Twin Cities Metropolitan area and is 

approximately 450 square miles. It is the fourth most populous county in the state of 

Minnesota with an annual temperature of 6.7 degrees Celsius and annual rainfall of 751 

millimeters (Anoka County, Minnesota, n.d.; Anoka Sand Plain Subsection, n.d.). It lies 

entirely within the Anoka Sand Plain, a broad sandy lake plain characterized by 

excessively well-drained, sandy soils (Anoka Sand Plain Subsection, n.d.).  

Field collection - oak wilt aerial surveys. Aerial surveys of new oak wilt pockets 

in Anoka County were conducted by the Minnesota Department of Natural Resources 

from 2013-2015. These surveys generated a total of 862 newly observed oak wilt 

pockets: 370 in 2013, 360 in 2014, and 132 in 2015. Aerial surveys were conducted in 

mid-July of each year using the same surveying techniques and surveyors. All three 
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surveys were conducted under similar conditions with the same protocols in place by the 

same personnel. Only new pockets of oak wilt were documented each year. 

Field collection - mapping severe weather events. Severe weather events 

including high wind events (gusts registering above 50 knots or 57.5 mph) and reported 

hail events were mapped from 2012-2015 within Anoka County, MN. The wind events 

were all classified as Force 10 “storms” or Force 11 “violent storms” on the Beaufort 

Wind Scale with wind speeds known to damage trees (NOAA, n.d.). Six severe wind 

events were recorded from 2012-2015 (Table 2.1). Two of these events included reported 

hailstorms and all six were associated with thunderstorms. One additional hail event was 

recorded without accompanying high wind speeds. The storm paths of all seven events 

were tracked using multiple data sources, including the NOAA severe weather database, 

MN DNR Climate Journal, and airport mesonet resources (NOAA, n.d.; MN DNR, n.d.; 

Iowa Environmental Mesonet, n.d.), and each event was mapped using ArcGIS Pro. Due 

to the rough nature of the wind data and lack of exact storm-tracking capabilities, circular 

plots (radius = 3 miles or 4.83 kilometers) were created around each municipality that 

reported experiencing each event, until a storm path was created (Figure 2.2). These 

circular plots (hereby referred to as “severe weather buffers”) were use in lieu of mapping 

exact storm paths. The severe weather buffers were used to sample observed oak wilt 

pockets from each MN DNR aerial survey in the following year (Figure 2.3). For 

example, the storm buffers of 2012 were sampled for new oak wilt pockets that formed in 

2013. The following year’s oak wilt observations were used due to the one-year lag 

period between inoculation and symptom expression of oak wilt. Two forms of statistical 
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analysis were then conducted to determine a relationship between severe weather events 

and new oak wilt pocket formation. 

 

Data Analysis 

1. Chi-Square test - Testing the independence of oak wilt pocket formation and 

severe weather events 

A Chi-square test of independence was used to test if oak wilt pockets were 

independent of severe weather events. Under the null conditions, oak wilt pockets should 

be uniformly distributed over the forested areas in the county regardless of severe 

weather occurrence. Therefore, the number of oak wilt pockets inside severe weather 

buffers should be proportional to the area of forest inside the buffer. Assuming the forests 

are uniformly distributed in the county, the total area of the storm buffers was calculated 

(separately for each year) and the corresponding number of oak wilt pockets was counted. 

The proportion of oak wilt pockets relative to the area within the storm buffers was then 

compared to the proportion of oak wilt pockets outside of the storm buffers and the 

remaining area of Anoka County outside of the buffers. Each year of data collection was 

assumed to be independent from the other years. Due to the additive properties of the 

Chi-square distribution, the three independent test statistics were combined into one 

overall Chi-square test statistic, compared to the null distribution, and a corresponding p-

value was generated. 

 

2. Monte Carlo-based method - Testing average distances of oak wilt pockets to 

storm events 
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 A Monte Carlo-based hypothesis test (MC) was used to compare the average 

distances of each oak wilt pocket to the nearest storm event. Under null conditions, oak 

wilt pockets and severe weather events are independent. The average distance of oak wilt 

pockets to the nearest severe weather event was recorded and a test statistic (T) was 

created. To test the relationship outlined above, a modified grid of Anoka County was 

generated using the Universal Transverse Mercator coordinate system (Figure 2.4). The 

south-central lobe of Anoka County (extending to Fridley, MN) was eliminated for ease 

of simulation and lack of any major forested areas. Coordinates of oak wilt pockets 

within Anoka County remained constant, while seven new severe weather event 

coordinates were randomly generated (Figure 2.4). The average Euclidean distance 

between each oak wilt pocket and the nearest simulated storm location was recorded. 

This process was simulated 10,000 times. The average Euclidean distances from the 

simulations were then used to create a simulated null distribution to which the original 

test statistic (T) was compared and a corresponding p-value was determined.  

 

Results 

1.  Chi-square test of independence 

 The proportion of oak wilt pockets relative to the area inside the severe weather 

buffers differed significantly from the proportion of oak wilt pockets relative to the area 

outside the buffers (Chi-square statistic = 22.44087, p-value = 5.280623e-05, df = 3). The 

two proportions were significantly different but the direction of the relationship is 

unknown.  
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2.  Monte Carlo-based method - Testing average distances of oak wilt pockets to 

storm events 

 The observed average distance from oak wilt pockets in Anoka County to severe 

weather locations was significantly smaller than the simulated distribution of distances 

generated by the MC testing method (p-value = 0). This suggests that oak wilt pockets are 

significantly related to severe weather location and have a higher chance of occurring in 

locations where severe weather occurred the previous year.  

 

Discussion 

 The goal of this study was to establish a relationship between severe weather 

events and new oak wilt pocket formation. Prior to this study, the relationship had been 

observed anecdotally but never scientifically examined. The establishment of this 

relationship would increase early detection success by prioritizing smaller, storm-

damaged areas, allowing for more successful disease detection in high priority areas of 

Minnesota. The relationship was examined using oak wilt aerial surveys of Anoka 

County and severe weather buffers. New oak wilt pocket formation did occur more 

frequently in areas where a severe weather event occurred the previous year. These 

results suggest severe weather events increase the probability of aboveground 

transmission of oak wilt via insect vectors and increase the likelihood of new oak wilt 

pocket formation. 

 Severe weather events resulted in significantly greater oak wilt pocket formation 

the following year. This relationship follows the anecdotal evidence and is likely a result 

of storm damage. Severe weather events create significant amounts of xylem-exposing 
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wounds on oaks which attract sap-feeding beetles that are covered in spores, resulting in 

increased disease transmission (Juzwik & Schmidt, 2000). Since B. fagacearum is 

abundant in the area, new infections are likely not the result of spores blown in from 

nearby infection centers on high winds.  

 The implications for the relationship between increased oak wilt infections and 

severe weather events are significant. Severe weather events in Minnesota have increased 

in both frequency and severity in recent years (Minneapolis Climate Action Plan, 2013). 

This pattern is a result of the changing climate and will continue into the future 

(Minneapolis Climate Action Plan, 2013). Increases in severe weather events will likely 

increase the spread B. fagacearum throughout the state of Minnesota. In areas where B. 

fagacearum is already abundant, the oak wilt rate of infection via insect vectors will 

increase with more frequent and more severe storm damage. Additionally, greater levels 

of B. fagacearum spores will likely be dispersed to new areas where the fungus is not 

currently found by the high winds associated with severe weather events.  

 The most effective way to limit the extensive spread of oak wilt is through 

accurate disease detection, tracking, and mapping. Accurate detection of new oak wilt 

pockets across the state of Minnesota is crucial for the proper allocation of resources, 

education and outreach efforts, and overall success of management initiatives. Machinery 

necessary for oak wilt direct control measures, such as vibratory plows, are expensive, 

require trained operators, and are in exceedingly high demand. It is therefore crucial that 

as many oak wilt centers as possible are identified within a given area to reduce operating 

costs and travel time while increasing oak wilt control efficiency.  
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 By understanding the relationship between oak wilt transmission and severe 

weather events, recently storm-damaged areas can be prioritized for early disease 

detection methods in order to increase accuracy in oak wilt detection. The most common 

detection method for oak wilt utilizes aerial surveys that cover too large of an area, 

leading to incomplete data collection. However, in case studies in Morrison and Pine 

Counties in northern Minnesota where smaller areas were sampled using high density 

aerial surveys with narrow flight paths (approximately 1-mile transects), oak wilt 

detection drastically increased (2018 Forest Health Report, 2019). In Morrison County, 

there was a 600% increase in the detection of new oak wilt infection centers over the 

previous year’s aerial survey, leading to the effective management of over 30% of all 

known infection centers the following year (2018 Forest Health Report, 2019). As the 

surveyed area decreased, the accuracy of oak wilt detection increased.  

Caveats 

Several improvements can and should be made to the methodology of this study 

moving forward to increase the power of the observed results. Increased efforts to 

identify, measure, and determine the canopy composition of all forested areas of Anoka 

County would increase the ability to detect new pocket formation using the Chi-square 

test. These records would improve the accuracy of the ratios of observed oak wilt pockets 

and the overall area in which oak wilt can realistically occur. As the accuracy of mapping 

susceptible oak stands increases, the accuracy of the oak wilt pocket ratios will increase 

as well.  

Improvements to severe weather mapping and tracking accuracy would further 

validate the relationship shown by the Monte Carlo hypothesis test. Currently, each 
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severe weather event recorded in NOAA’s severe weather database is observed and 

reported by volunteer civilian spotters and is recorded to the nearest municipality, 

eliminating the exact storm path (L. Romolo, personal correspondence, January 29, 

2020). As a result, storm buffers were utilized to capture at least part of the storm-

damaged locations. Accurate mapping of high wind events (>50 knots) and all hail events 

would allow for more definitive tracking of storm damage reducing the need for storm 

buffers within the study and increasing the overall confidence in the results of the MC 

method.  

Overall, the relationship between severe weather events and increased oak wilt 

pocket formation outlined by both statistical tests is clear. Future modifications and 

improvements to further legitimize these results can and should be conducted to increase 

overall understanding of this relationship. The two statistical methods outlined above and 

their results should serve as a framework for additional innovation and research to better 

understand the impacts of historic disturbances on oak wilt transmission in Central 

Minnesota.  

 

Future of Tree Disease Detection 

Further prioritizing storm-damaged areas increases the practicality of the use of 

several early detection methods that are only appropriate for small-scale surveying and 

not yet widely used. These methods include but are not limited to hyperspectral imaging, 

high resolution imagery analysis, and the use of unmanned aerial vehicles. Utilization of 

these techniques is currently only feasible in small areas but have been shown to improve 

surveying techniques for plant disease detection. Hyperspectral imaging models have the 
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potential to differentiate oak wilt from other causes of tree decline, high resolution 

imaging allows for ground verification and double checking of observations at a later 

date, and unmanned aerial vehicles allow for inexpensive operation and flexible 

scheduling depending on weather (Fallon et al., 2020). All the methods listed above 

allow for increased early plant disease detection success and will likely play significant 

roles in the future of plant disease control and management efforts.   

 The observed relationship between severe weather conditions and increases in 

new oak wilt pocket formation the following year is an important connection. By 

understanding this relationship, early detection efforts can be greatly improved to 

increase the detection success of new oak wilt pockets that would have gone mostly 

undetected under current surveying conditions. Despite the strong evidence provided in 

this paper, the full extent of the relationship between severe weather and oak wilt 

transmission is unknown. Additional research is needed to further validate and better 

understand this complex relationship. These results can be used with current oak wilt 

aerial surveying techniques to further prioritize areas that experienced severe weather 

events in order to increase the success of early disease detection. Landscape-scale disease 

tracking will never be one hundred percent accurate, but the relationship demonstrated in 

this paper serves to improve current oak wilt detection efforts.  
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Table 2.1 Severe wind (wind speeds > 50 knots) and hail events in Anoka County, 

Minnesota from 2012-2015. Data retrieved from NOAA Storm Events Database and MN 

DNR state climate journal. 

Date Location Time Event 
Wind 

(knots) 
Wind 
(mph) 

Hail Size 
(inches) 

Confirmed 
Tree 

Damage 

8/3/12 Anoka 22:05 Thunderstorm 52 60 0 No 

 Coon Rapids 22:05 Thunderstorm 52 60 0 No 

 Fridley 22:10 Thunderstorm 52 60 0 No 

 Bethel 22:10 Thunderstorm 52 60 0 No 

 Ham Lake 22:10 Thunderstorm 56 64 0 No 

 Lino Lakes 22:20 Thunderstorm 52 60 0 No 

 Linwood 22:30 Thunderstorm 52 60 0 No 

5/19/13 Linwood 15:15 Thunderstorm 50 58 0 No 

5/31/13 Lino Lakes 13:58 Hail - - 1 No 

 Circle Pines 14:00 Hail - - 0.88 No 

6/21/13 Nowthen 2:25 Thunderstorm 56 64 0 Yes 

 Linwood 2:40 Thunderstorm 56 64 0 Yes 

 Coon Rapids 18:55 Thunderstorm 56 64 0 Yes 

  9/19/13 Andover 9:25 
Thunderstorm 
and hail 50 58 0.88 Yes 

 Lexington 9:25 
Thunderstorm 
and hail 50 58 0.88 Yes 

 Lino Lakes 9:32 
Thunderstorm 
and hail 52 60 0 Yes 

7/7/14 Columbus 12:45 Thunderstorm 52 60 0 No 

 
Columbia 
Heights 13:15 Thunderstorm 52 60 0 No 
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Figure 2.1. Observed new oak wilt pockets from 2013-2015 in Anoka County, 

Minnesota. Data obtained via aerial survey by the Minnesota Department of Natural 

Resources. 
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Figure 2.2. Severe weather buffers (radius = 3 miles) from 2012-2014 for reported severe 

weather events with high wind speeds (greater than 50 knots or 57.5 mph) or hail events 

in Anoka County, Minnesota. Data retrieved from NOAA Storm Events Database and 

MN DNR state climate journal. 
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Figure 2.3. An individual severe weather buffer (2013) with new oak wilt pockets 

observed in 2014 in Anoka County, Minnesota. Data retrieved from the Minnesota DNR 

and NOAA’s Severe Weather Events Database. 
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Figure 2.4. Side by side comparison of Anoka County, Minnesota (left) and an Anoka 

County, MN projection (right) using the Universal Transverse Mercator (zone 15N) 

coordinate system with 1,000 randomly placed severe weather events. 
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Chapter 3. Prescribed burning impacts on oak wilt belowground transmission via 

oak root grafting 
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Introduction 

A key element in landscape-scale disease control projects is the direct, hands-on 

management required to contain the spread of the disease. To manage a widespread tree 

disease on a large scale, necessary management equipment must be cost-effective and 

readily available for dispersal throughout the infected area; however, if equipment is 

costly and supplies are limited, management efforts and disease containment will be 

significantly less effective. As a result, constant efforts should be made to maximize 

disease management effectiveness through a variety of control methods.  

Current forest pathology management efforts revolve around treating or isolating 

individual trees or small groups, but what if management efforts could be deployed on 

large sections of forest or on the entire forest itself? In Minnesota, a state especially 

susceptible to the impacts of widespread, high mortality tree diseases, constant 

management adaptations and the generation of new control measures are never-ending 

tasks that provide a unique set of challenges that have yet to be solved. 

Minnesota is a state characterized by its extensive and valuable forests. Nearly 

one-third of the state is covered by forested land (17.4 million acres), and 15.1 million 

acres are commercially productive, producing $17.8 billion in annual forest products and 

64,500 jobs to the state economy (Minnesota’s Trees and Forests, 2019). Due to the 

extent of its forest system and the heavy reliance of its residents on this system, 

Minnesota would greatly benefit from new management strategies to mitigate the impacts 

of widespread, high mortality tree diseases.  

Oak (genus Quercus) species are a significant canopy species in most Minnesota 

forest types. Across the state, oak trees provide countless ecosystem services in both 



 

35 
 

forest and urban settings. These benefits include habitat and forage for wildlife, rainfall 

interception, soil retention, shade production, pollution reduction, and carbon 

sequestration (Juzwik & Schmidt, 2000; Oak woodlands management plan, 2003; Juzwik 

et al., 2011; Introduction of Oak Ecology, n.d.). Minnesota oak trees are currently 

threatened by a significant, widespread tree disease currently found in large portions of 

south and central Minnesota: oak wilt (Juzwik & Schmidt, 2000; Wilson, 2005; Juzwik et 

al., 2011). 

Oak wilt is a disease of the vascular system of oaks by the fungal pathogen 

Bretziella fagacearum (formerly Ceratocystis fagacearum) (Blaedow & Juzwik, 2010). 

B. fagacearum can infect all nine native oak species in Minnesota and results in rapid 

mortality of members in the red oak group (section Lobatae) which can die within weeks 

or months of initial wilt symptoms (Blaedow & Juzwik, 2010). The disease spreads 

locally by root grafts and over greater distances by insect vectors (Menges & Kuntz, 

1985; Blaedow & Juzwik, 2010); ninety percent of new oak wilt infections result from 

belowground spread (University of Minnesota, 2007). As a result, common oak wilt 

control methods involve severing the root connections and grafts between infected oaks 

and neighboring oak trees.  

The severing of root grafts as a control method, though effective, has its 

limitations. In Minnesota, a vibratory plow is routinely used to create a primary and 

secondary line beyond the perimeter of active disease centers with relatively little 

environmental disturbance (Juzwik et al., 2011). The remaining oaks, whether infected or 

healthy, are then removed and treated before fungal mat production the following year 

(Juzwik et al., 2011). Though this method is highly effective, vibratory plows are 
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expensive, require trained personnel to operate effectively, and are in exceedingly high 

demand. As a result, known oak wilt infection centers often fail to be treated within the 

short window of time (maximum of one year) to ensure the fungus does not continue to 

spread. In Morrison County, Minnesota, a county on the expanding border of oak wilt in 

the state, significant efforts have been made in recent years to identify and control oak 

wilt pockets. These efforts have resulted in the treatment of only one-third of all known 

infection sites in 2019 (2019 Forest Annual Health Report, 2020). Due to the current 

inability to effectively treat all known mortality centers in the state, new oak wilt 

management techniques that can be applied to a larger area of forested land must be 

constantly developed and researched in order to increase the success of management 

efforts across the state. 

A common landscape management tool used throughout Minnesota today is the 

reintroduction of fires to the landscape in the form of prescribed burns. Prescribed burns 

are low intensity fire disturbances which strongly influence the vegetation type and 

structure of the burned area. They are intended to replicate historic fire regimes of a 

region and restore and maintain a landscape similar to that at the time of European 

colonization (Allen & Palmer, 2011). In central Minnesota, an area heavily infected with 

oak wilt, prescribed burns serve to decrease tree and forest understory stem densities 

(Peterson & Reich, 2001). In oak forests, decreasing stem densities directly influence root 

graft abundance, decreasing as the distance increases (Himelick & Fox, 1961; Nair & 

Kuntz, 1975; Menges & Kuntz, 1985). With decreasing root grafts, one can expect oak 

wilt transmission via root grafting to decrease as well.  



 

37 
 

The relationship between prescribed burns and oak wilt abundance has yet to be 

explored. The goal of this study was to establish a relationship between prescribed burn 

frequency and the occurrence and abundance of oak wilt. Establishing this relationship 

could inform the use of prescribed burns as a possible future management tool for oak 

wilt in areas where appropriate.  

 

Materials and Methods 

Site description. The study area is the Cedar Creek Ecosystem Science Reserve 

(CCESR), a research station owned by the University of Minnesota located in East Bethel 

in Anoka County, Minnesota. CCESR is a 2,300 hectare research reserve on the Anoka 

Sand Plain. The Anoka Sand Plain is located on the historic border between the tallgrass 

prairie and northern deciduous forest ecotones; it is characterized by a broad, sandy lake 

plain with small dunes, kettle lakes, and tunnel valleys (Anoka Sand Plain Subsection, 

n.d.). The region is characterized by excessively well-drained, sandy soils.  

CCESR contains a range of forest stand structures, plant communities, and 

disturbance frequencies. Upland areas of Cedar Creek are a mosaic of forest, savanna, 

and old fields (Peterson & Reich, 2001). These different ecosystem types possess a 

variety of different plant communities and structures. Despite the different ecosystem 

types, northern pin oak (Quercus ellipsoidalis) and bur oak (Quercus macrocarpa) are 

the dominant tree species throughout CCESR (Peterson & Reich, 2001). The different 

ecosystems at CCESR possess varying stem densities of oaks and therefore likely possess 

varying frequencies of root grafting as well.  
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Prescribed burning program. A prescribed burning program at CCESR began 

in 1964 to restore oak savanna and native woodland vegetation and test the effects of 

different burn treatments on vegetation structure (Irving, 1970). Fourteen permanent burn 

units were established following existing burn breaks. The burn units ranged in burn 

frequency from nearly annual fires (8 fires per decade) to complete fire exclusion. The 

area within each unit ranged from 2.1 to 30 hectares (Figure 3.1). Within these burn units, 

36 permanent plots (50m x 75m) were established for studying vegetation changes. Of 

the 36 total plots, 28 were used for this experiment. The permanent plots varied in 

vegetation structure, species composition, and stem density. The presence of these burn 

units provides a controlled setting where the effect of fire frequency on oak wilt 

transmission can be observed and recorded. 

 

Field collection. In the summer of 2019, a tree census was conducted on over 

1,740 living trees within 28 research plots in the CCESR prescribed burning program. 

The information collected for each tree were species identity, diameter at breast height, 

plot number, location within each plot, tree tag number, and oak wilt symptoms. Multiple 

stems were treated as a single tree due to the shared root system. Overall, 20 oak wilt 

infections were identified in nine different plots; six Q. macrocarpa trees and fourteen Q. 

ellipsoidales trees exhibited oak wilt symptoms. The newly diagnosed trees were ground-

checked for disease diagnosis accuracy in October 2019.  

Using the tree census data the following forest measurements were calculated: 

stem density (stems per hectare), basal area (square meters), presence of oak wilt, and 

oak wilt stem density (stems per hectare). Prescribed burn data for each burn plot was 
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collected from the CCESR online data catalog (Experiment 133, n.d.). The following fire 

measurements were calculated for each plot: fire frequency over the last ten years (fires 

per year), fire frequency since the first burn (fires per year), and years since first 

burn. Several of the generated measurements were highly correlated including basal area 

and stem density, as well as fire frequency from the start of the project and fire frequency 

over the last decade. As a result, only one of the variables from each highly correlated 

pair was included within the statistical models used in this study.  

 

Data analysis. Two statistical models were generated describing the relationship 

between plot fire frequency (in the last decade) and oak wilt occurrence within the 

sampled plots. The first model described the probability of oak wilt presence while the 

second model predicted oak wilt stem density.   

 

1. Testing oak wilt presence or absence using a logistic regression model  

 

A logistic regression model was used to describe the relationship between the 

presence of oak wilt using plot basal area, fire frequency (in the last decade), and the 

interaction term as predictor variables. This model helps identify and examine the 

probability of new oak wilt infections within a given area depending on the factors listed 

above. This model would additionally inform the probability of oak wilt presence within 

a given area that is independent from strict field observations: a crucial step in 

understanding oak wilt transmission due to the rapid mortality of red oak trees infected 

with oak wilt. The window to observe these wilt symptoms can easily be missed.  
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The logistic regression model for predicting oak wilt presence has the following 

form:  

 

 

 where Y denotes oak wilt and is 1 if present and 0 if absent, x1 denotes basal area, 

and x2 denotes fire frequency in the last decade.  

 

2. Modeling oak wilt stem density using a zero inflated Poisson regression 

model 

 

A zero-inflated Poisson regression model was used to describe the relationship 

between oak wilt stem density and both basal area and fire frequency (in the last decade) 

as predictors. The zero-inflated Poisson regression model consisted of a logistic 

regression model and a Poisson model that allows for more probability mass for values of 

zero. The compound model is more appropriate for this project where the majority of the 

surveyed plots had no observed oak wilt stems. This model helps identify and examine 

the extent of localized oak wilt spread within the research plots where oak wilt has been 

documented through field observations.  

The zero-inflated Poisson regression model for predicting oak wilt stem density 

has the following form:  
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where Y denotes oak wilt density, x1 denotes basal area, and x2 denotes fire 

frequency in the last decade. 

Results 

1. Modeling oak wilt presence and absence - Logistic regression model 

Fire frequency in the last decade (coefficient value = -7.07, p-value = 0.0666) and 

the interaction of both fire frequency and basal area (coefficient value = 0.589, p-value = 

0.0366) were significant in predicting the presence of oak wilt within a plot. Basal area 

(coefficient value = -1.107, p-value = 0.2683) was not found to be significant. The 

negative coefficient value of fire frequency shows that as fire frequency increased, 

probability of oak wilt decreased. The interaction term of fire frequency and basal area, 

however, is less straightforward and oak wilt presence depends on both basal area and 

fire frequency. Plots with high fire frequency (4-7 fires per decade) exhibit a positive 

relationship between basal area and probability of oak wilt (Figure 3.2). In contrast, for 

plots that have never been burned there is a negative relationship. Probability of oak wilt 

was highest in plots with low basal area (Figure 3.2). 

 

2. Modeling oak wilt stem density - Zero-inflated Poisson regression model 

Fire frequency (coefficient value = -4.612, p-value =0.023), basal area 

(coefficient value = -0.134, p-value = 0.018), and the interaction of both variables 

(coefficient value = 0.312, p-value = 0.014) were significant in predicting oak wilt stem 
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density. High fire frequency plots had lower oak wilt stem densities (73.3% below two 

stems per hectare) than low fire frequency plots (40.0% below two stems per hectare) 

(Figure 3.3). Plots with high fire frequency (4-7 fires per decade) exhibit a positive 

relationship between basal area and stem densities of oak wilt (Figure 3.3). In contrast, 

for plots with low fire frequency (0-3 fires per decade) there is a negative relationship 

(Figure 3.3).  

Examination of the tree census data revealed two key trends in both tree mortality 

and oak wilt distribution. The average tree mortality (since 2015) per plot was 

approximately six times higher in plots with low fire frequencies (0-1 fires per decade) 

than plots with higher fire frequencies (greater than four fires per decade) (Figure 3.4).  

Low fire frequency plots had an average tree mortality of 17.7 while high fire frequency 

plots had an average tree mortality of 2.8 (Figure 3.4). Additionally, the number of plots 

in which oak wilt was observed was 14.3% higher and the average number of oak wilt 

stems per plot was two times higher in low fire frequency plots compared to high fire 

frequency plots (Table 3.1).   

 

Discussion 

The goal of this study was to establish a relationship between prescribed burn 

frequency and oak wilt. Prior to this study, the relationship had not been scientifically 

examined, but by establishing this relationship, we could inform the use of prescribed 

burns as a possible future management tool for oak wilt in areas where appropriate. The 

relationship between prescribed fire frequency and oak wilt distribution was examined 

through a comprehensive tree census and described by two different logistic regression 
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equations. High fire frequency plots (4-7 fires per decade) had lower oak wilt presence 

and oak wilt stem density than low fire frequency plots (Table 3.1; Figure 3.2; Figure 

3.3). These results suggest a relationship between high fire frequency and reduced 

probability of oak wilt presence and reduced oak wilt stem densities.  

 Plots with high fire frequency had lower oak wilt presence and stem density. 

There are two possible explanations for the observed decrease in oak wilt abundance 

within these plots. First, high frequency burning decreased both tree and forest understory 

stem densities. Greater distances between oak trees and fewer oaks overall lead to less 

oak root grafting and a decrease in oak wilt transmission, since the majority of new 

infections occur via root grafting. Secondly, the fires could have consumed the most 

prominent oak wilt insect vectors that overwinter in the forest duff layer. Due to the 

timing of the majority of the prescribed burns done for this project, increased prescribed 

burning likely decreased stem densities, leading to reduced oak wilt abundance. The 

burns were conducted during the spring burn season, April through May. These spring 

burns coincide with the most active flight period of the insect vectors limiting the 

potential for the insects to be burned over as a result of the fires.  

 Unburned plots had higher oak wilt presence, stem density, and a negative 

relationship between basal area and probability of oak wilt. Greater oak wilt levels within 

unburned plots follows the expected trend; however, the trend of less oak wilt with 

increasing basal areas in these plots (Figure 3.2; Figure 3.3) is puzzling and appears to go 

against our predictions. It is expected that higher density plots should have increased oak 

wilt occurrence and oak wilt stem density due to increased root grafting. However, the 

opposite pattern is observed. One explanation for this counterintuitive relationship is the 
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presence of oak wilt mortality centers within the low fire frequency plots. If the unburned 

forest has widespread oak wilt, then within that fire category one might expect that areas 

with lower stem density and lower basal area correspond with existing and unmanaged 

oak wilt pockets. If such areas are indeed oak wilt pockets, we would expect to detect oak 

wilt more frequently in such infection centers. 

High tree mortality rates and greater oak wilt presence within low fire frequency 

plots support the hypothesis that there are oak wilt mortality centers driving the 

unexpected trend. Low fire frequency plots within this study had six times greater 

average tree mortality per plot than high fire frequency plots (Figure 3.4). This trend 

shows that unburned or lightly burned plots possessed a disproportionate amount of 

unexplained tree mortality. Oak wilt was also present in 14.3% more low fire frequency 

plots than high fire frequency plots as well (Table 3.1). In particular, three specific plots 

in the low fire frequency treatment group further support this assumption (Table 3.2). In 

these three outlier plots, tree mortality is approximately five times greater and basal area 

is less than one-third the amount of the rest of the low fire frequency plots (Table 3.2). 

These observations show there is a disproportionate amount of tree mortality within these 

plots, specifically occurring in large diameter red oak trees. In particular, large red oak 

trees are likely the most susceptible to new infection from oak wilt due to their expansive 

root systems and increased probability of numerous active root grafts. Therefore, oak wilt 

mortality would likely be highest within this tree demographic, as is shown. Finally, oak 

wilt was still observed in two out of the three outlier plots (Table 3.2). Given the short 

window of time for field observations of oak wilt symptoms in red oaks, oak wilt is still 

likely present within the remaining outlier plot, despite a lack of field verification.  
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The relationship of prescribed burn frequency and oak wilt occurrence outlined in 

this paper provides exciting possibilities for oak wilt management moving forward. 

Whether the treatment of fire on the landscape acts as a preventative measure to limit 

new oak wilt infections or as a direct pressure limiting the spread of existing oak wilt, has 

yet to be determined. However, by better isolating oak trees through decreased stem 

densities and root grafts, high levels of prescribed burning decrease the overall impact of 

oak wilt within a stand of trees. Trees that become infected have decreased opportunities 

to transmit the disease to neighboring trees, allowing for slower overall spread and 

reduced number of infected stems. This decrease in oak wilt abundance and stem density 

would alleviate pressure associated with limited management resources and reduce the 

extent of oak wilt spread in known pockets while waiting for management resources to 

arrive. Prescribed burns should be utilized as a management tool in conjunction with 

existing control measures, not as a replacement.  

Prescribed burning has several limitations as a management tool. Re-introducing 

fires to a landscape is only applicable in forest types that have historically experienced 

fires and have built up a resistance to them over time (Van Lear, Brose, & Keyser, n.d.). 

Most oak-dominated landscapes have experienced these historic fire disturbance regimes 

(Van Lear, Brose, & Keyser, n.d.). However, site-by-site evaluations are necessary to 

determine the feasibility and risks associated with a prescribed burn. Risks associated 

with prescribed burning are severe. Thorough planning, ideal weather conditions, and the 

proper amount of support staff are critical to ensuring success and safety of the burn. 

Therefore, prescribed burning as a management tool for oak wilt should only be utilized 
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in appropriate forests, with professional planning and supervision, and with adequate 

resources.  

Despite limitations, the benefits of prescribed burning go well beyond oak wilt 

management. Reintroducing fire into landscapes where they have been excluded will 

drastically improve overall landscape health and resilience by removing woody invasive 

species competition, thinning crowded understories, and assisting native, fire-tolerant 

species to regenerate. The exclusion of fire in Minnesota resulted in large expansion of 

woody species and a subsequent loss of native prairies and savannas (Nuzzo, 1986). 

Woody plant invasion of the grasslands and the crowding of saplings in the woodland 

understory led to the formation of a homogenized landscape (Nuzzo, 1986). However, 

recent efforts to restore the area to the diverse pre-settlement landscape have been 

accomplished, in part, by the reintroduction of fire into the landscape through controlled 

burning (Peterson & Reich, 2001). The environmental benefits of prescribed burns are 

well-established, but the potential implications for future oak wilt management are truly 

exciting.  

 

Caveats 

 Improvements to the methodology of this study should be made moving forward 

to increase the validity of the observed relationship. Field observations for identifying 

oak wilt were conducted for only one growing season and provide a partial view of the 

extent of the disease. Additional years of data collection are necessary to accurately track 

oak wilt trends within the plots. Additionally, oak wilt symptoms in red oaks are visible 

for a brief period of time since infection occurs rapidly throughout the growing season 
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and depends upon timing of the infection. Oak wilt is likely present within these plots, 

without being directly recorded through field observations. Therefore, future research 

should be conducted using both field observations and laboratory analysis of samples 

from actively wilting and recently dead stems. All dead stems since the last tree census 

should be tested as well to determine if tree mortality is a result of oak wilt or prescribed 

fire. Laboratory testing over the course of several years will increase the overall sample 

size of infected stems, increasing the accuracy of future research to better reflect the 

infected population as a whole.  

The results of this study have limited applicability. The two regression models 

describe the trends observed within the E-133 Cedar Creek dataset and therefore cannot 

be used for describing oak wilt presence and stem density at sites outside of those plots. 

The models are also descriptive, not predictive, meaning they cannot be used to predict 

the likelihood of oak wilt distribution within Cedar Creek or other locations. The models 

still serve as an important glimpse into the nature of the relationship between fire 

frequency and oak wilt distribution within Cedar Creek Ecosystem Science Reserve. 

The observed connection between increased fire frequency and decreased oak wilt 

presence and stem density is important. By understanding this relationship, additional 

research can be conducted to determine the feasibility of prescribed burning as a possible 

oak wilt management strategy. Prescribed burns are risky; require significant planning, 

preparation, and human resources; and are only applicable in certain contiguous 

landscapes with appropriate historic fire regimes. However, forests with oak wilt already 

present in large amounts may benefit from prescribed burns to decrease overall oak stem 

density, reduce extensive costs of heavy machinery needed for traditional management 
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techniques, and help increase overall forest health and resilience by reinstituting historic 

disturbance onto the landscape. Oak wilt management will never be one hundred percent 

effective, but the relationship demonstrated in this paper serves to improve our 

understanding of the interaction between low-intensity, high-frequency fires and oak wilt 

occurrence. 
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Table 3.1. Experiment E-133 summer 2019 tree census data organized by two fire 

frequency treatment groups: high fire frequency (4-7 fires in the last decade) and low fire 

frequency (0-1 fire in the last decade). 

 
High Fire Frequency 

(4-7 fires per decade) 

Low Fire Frequency 

(0-1 fire per decade) 

Number of Plots 21 7 

Avg Stem Density 

(per hectare) 

90.86 288.67 

Avg Basal Area  

(m2 per hectare) 

6.90 12.14 

OW stems per plot 0.57 1.14 

Percentage of plots w/ 

OW 

28.6% 42.9% 
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Table 3.2. Descriptive breakdown of three outlier plots likely to have active oak wilt 

infection centers in comparison to the remaining plots in the low fire frequency (0-0.1 

fire per year) treatment group. 

 
3 Outlier Plots Other low or no fire 

frequency plots 

Stem Density 
(per hectare) 

278.22 397.33 

Basal Area  
(m2 per hectare) 

7.06 24.46 

Tree Mortality 31 6.25 

Plots w/ Oak Wilt 2 of 3 1 of 4 
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Figure 3.1. Aerial map of the established prescribed burning program at Cedar Creek 

Ecosystem Science Reserve (a University of Minnesota research station) in East Bethel, 

Minnesota. Image from Cedar Creek Ecosystem Science Reserve. 
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Figure 3.2. Probability of oak wilt presence in Cedar Creek Ecosystem Science Reserve 

E-133 plots depending on plot basal area (square meters per hectare) and grouped by fire 

frequency over the last decade (FF). Data obtained from the oak wilt logistic regression 

model outlined above. 
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Figure 3.3. Projected oak wilt stem density in Cedar Creek Ecosystem Science Reserve 

E-133 plots depending on plot basal area (square meters per hectare) and grouped by fire 

frequency over the last decade (FF). Data obtained from the Poisson regression model 

outlined above. 
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Figure 3.4. Average tree mortality per CCESR E-133 plot since 2015 based on fire 

frequency during the last decade. 
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