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Chapter 1. Introduction

1.1 Research intent and emerald ash borer background

This research is concerned with methods to geographically monitor and
investigate impacts to forest composition due to invasive species, specifically the
Emerald Ash Borer beetle (EAB), Agrilus planipennis, using GIS techniques.
Originating from Asia, EAB was most likely introduced to the United States in the
1990s, but was not identified as a serious problem until 2002. Fifteen million native
ash trees have perished since 2002 and close to one billion are currently threatened
in Michigan and adjacent states (Haack et al., 2002; Bendor et al., 2006; Poland &
McCullough, 2006; Hausman et al., 2010). In the southeast forests of Michigan in
particular, 99 percent of all ash trees have perished due to EAB (Hausman et al.,
2010, Rice & Klooster, 2010). Currently, EAB is found in 13 states and large parts of
Ontario. This includes northeastern parts of Indiana and some pockets in southern
counties (Figs. 1, 2, & 3), and over 147 million ash trees are at risk in Indiana alone
(Barnd et al., 2008; MSU, emeraldashborer.info website, MSU, 2011; Rice & Klooster,
2010). In a study conducted in Ohio, Sydnor et al. (2007) estimated that the cost
associated with EAB is somewhere between $1.8 and $7.6 billion for a single state,

and Kovacs et al. (2009) estimate the cost to be $10.7 billion total over the next 10
years. These estimations account for treatment, cutting, removal, and replacement
of ash trees, particularly in urban forested and developed areas, as these are the
areas that have been previously landscaped using ash species and will need
mitigation sooner than rural areas (Sydnor et al., 2007; Kovacs et al., 2009).
While the EAB steadily swept through Michigan and southern Ontario, it has
less of a predictable presence in Indiana. Current reported infestations are primarily
located in the northeast corner of the state, but have been reported in small pockets
throughout the state, including Delaware County with first detection in 2009
(Indiana DNR website, 2011; NIWL, 2012; Emeraldashborer.info website, MSU,
2011). This research is focused on the potential impact of EAB in Ginn Woods, a
mixed deciduous forest owned by Ball State University and located in northern
Delaware County, Indiana.

1.2 Invasive species background

Non-native species (i.e., plants, fungi, animals, and insects) as a whole
currently threaten much of the forested and urban forested lands in the United
States (Chornesky et al., 2005; Lovett et al., 2006; Holmes et al., 2009; Aukema et al.,
2010; Hausman et al., 2010). There are approximately 50,000 non-native species
found in the U.S., including 450 nonindigenous insects and 16 pathogens that have
invaded U.S. forests and urban areas since the settlement of this country. This
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invasion is largely due to globalization and international trade (Pimentel, 2000;
Aukema et al., 2010; Hausman et al., 2010). Consequences of certain biological
invasions can be detrimental, negatively affecting croplands and the economy,
costing approximately $137 billion total per year (Pimentel, 2000; Hausman, 2010).
Biological invasions can happen in any ecosystem, but areas that have already been
disturbed (e.g., development, agriculture, and shifting land use) are particularly
susceptible (Vitousek et al., 1997). Invasive species often out-compete native
species for food or space, sometimes eliminating them, thus decreasing the potential
for maintaining diverse and healthy ecosystems (Hausman et al., 2010). There are
several notable examples that have caused stress on native ecosystems and continue
to threaten native landscapes and organisms in Indiana, the Midwestern, and the
Eastern United States, such as American chestnut blight, dogwood anthracnose,
beech bark disease, elm disease, sudden oak death, Asian long-horned beetle, gypsy
moth, garlic mustard, bush honeysuckle, and buckthorn, to name a few (USDAAPHIS website, 2012; Lovett et al. 2006; Aukema et al., 2010). The economic losses,
as previously discussed, will continue to be devastating. Ash trees are economically
important for timber and pulp, and are used for many everyday items such as
furniture, baseball bats, baskets, and tool handles. Ash are also an important species
for shade trees in urban landscape settings, and the market for ash trees in
nurseries will suffer a severe blow. In addition, dead or dying ash shade trees in
urban areas present danger to people and property (Haack et al., 2002; Herms et al.,
2003; MacFarlane & Meyer, 2003; Cappaert, 2005; Poland 2006). Ecologically, ash
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seeds are an important food source for many types of wildlife and insects in North
America. According to Rice & Klooster (2010), 44 arthropod species feed solely on
ash. Also, ash species play an important role in forest canopy space, thriving in many
soil types and habitats, often providing a large percentage of the total canopy space
in wet and riparian areas, particularly F. pennsylvanica and F. nigra (Haack et al.,
2002; Poland & McCullough, 2003; Cappaert, 2005; Hausman et al., 2010).
EAB has the potential to significantly alter forest biodiversity and forest
stand dynamics as well. As ash trees die, gaps are created in the canopy allowing
sunlight to reach the forest floor, in some cases fueling the potential for invasive
plants to colonize and thrive (MacFarlane & Meyer, 2003; Hausman et al., 2010).
EAB is able to kill a tree within 2-4 years of infestation, which is fairly rapid, but
depends on the size and health of the individual tree. Trees that are stressed or
unhealthy are the most susceptible. Many trees planted in less-than-ideal
conditions, such as parking lots and apartment complexes, for example, can
succumb in just a couple years, posing a large and potentially expensive problem for
urban management (Poland, 2006; Hausman et al., 2010).

1.3 Research objectives and questions

The specific research objectives of this study are: 1) to produce a canopy tree
inventory map of the site by mapping the location of every tree having a diameter at
9

breast height (dbh) ≥ 45 cm and every ash tree with a dbh ≥ 30 cm using Global
Positioning System (GPS) technology and ESRI software; 2) to calculate the crown
diameter of each canopy tree and create a canopy map of the forest; and 3) to
predict the potential location of canopy gaps that could occur and calculate the
percentage of canopy space that could be lost due to the loss of ash species. It is
expected that this research will be able to answer many questions regarding the
future of Ginn Woods, such as: 1) How much of the forest canopy will be lost to EAB
infestation, and therefore what percentage of the site will potentially be open to
invasion by exotic plant species (possibly indicating where additional management
efforts may be needed)?; and 2) What areas of the forest are particularly susceptible
to EAB invasion. This research could also set the framework for answering
questions such as: 1) How might the forest composition and structure change, if at
all, once most of the ash trees are dead?; 2) Are all species of ash infested equally?;
and 3) What is the spatial distribution of each species (based on different sections
of the forest)?.

10

Chapter 2. Literature Review

2.1 Introduction

In this review I will explore research concerning the emerald ash borer
invasion, and the use of GIS in forest management, with a particular focus on
invasive species control, management, and eradication. I will also review the
literature related to GPS accuracy, specifically accuracy under the forest canopy, as
this often presents challenges to forest managers and others concerned with
marking and locating specific plants and/areas in a forest.

2.2 Emerald Ash Borer: Detection, spread, and prevention

EAB is not easily detected upon initial infestation and typically has a life cycle
of one year (from eggs being laid on bark during summer months to adults emerging
the following May), though 2-year cycles have been observed (Cappaert et al., 2005;
Barnd et al., 2008). Detection of EAB has been primarily through “trap trees”,
visually observing symptoms, and more recently through the use of traps (Francese

et al., 2008). The most obvious proof of EAB infestation is the signature D – shaped
exit holes found in the bark of a tree. It is not typical to see the exit holes at eye level,
however, until the tree has already been heavily infested, as they generally begin
infestation higher in the canopy and it may be difficult to visually locate the holes in
a thick and rough bark surface. Crown die-off, epicormic sprouting, vertical splitting
on the bark, and even increased woodpecker activity are other signs of EAB
infestation (Cappaert et al., 2005; Barnd et al., 2008). Tree traps are prepared by
cutting (also referred to as “girdling”) a 15 cm band of bark from around the trunk,
and then felling those trees to check for larvae and destroy after EAB flight season.
Traps have become more popular in determining EAB presence as well. The design,
placement, and color of these traps have been tested and studied revealing location
and color of traps greatly influence the amount of beetles caught. EAB (and other
buprestids) are more attracted to purple colors, and much more are caught when
placed higher in the canopy (Oliver et al., 2002; Francese et al., 2008).
Past studies show that EAB does not prefer one species of ash over another,
though Pureswaran and Poland (2009) found that Fraxinus quadrangulata may be
less preferential to EAB than other ash species. Cappaert et al. (2005) discovered
that EAB may prefer stressed ash trees as opposed to healthy, and that unhealthy or
smaller trees will succumb more readily when infested with EAB. The predominant
ash species found in Ginn Woods are F. pennsylvanica, F. nigra, and F. americana,
and EAB is known to affect each of them similarly.
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After establishment, many invasive species (including EAB) spread by
“stratified dispersion”, meaning that they spread both by short and long distances
(Muirhead et al., 2006; Shigesada & Kawasaki 1997 via Mercader et al., 2010).
Humans are a primary vector for EAB. The movement of firewood, logs, and nursery
stock has furthered the spread of the beetle dramatically, and this has been the
primary cause of the satellite invasions we are seeing in Indiana, for example
(Cappaert et al., 2005; Poland et al., 2006; Mercader et al, 2010; Koch, 2012). EAB
also spreads readily on its’ own. Mercader et al. (2009) and Siegert et al. (2010)
reported 90 percent of eggs were laid within approximately 0.3 mi of where the egglaying females emerged. Taylor et al. (2010) studied EAB in flight mills and noted
the average distance attained can be about 0.8 mi per day. EAB is not just speedy in
flight and spread, but also in killing ash trees. EAB can kill a tree at a rate of 2-4
years depending on dbh and health (Cappaert et al. 2005), and are able to fully
develop in ash trees as small as 2.5 cm dbh (Mercader et al., 2010). Figures 1 and 2
show clearly how fast EAB has spread based on the size of the established
quarantine areas. In 2005, several Michigan counties were quarantine areas, and
now, in 2012, several states are quarantine areas. Figure 3 illustrates the Indiana
counties that were quarantined prior to July 2012 when all of Indiana became a
quarantine area.
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Figure 1: EAB quarantine in 2005 (APHIS)
(via Cappaert et al. 2005)
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Figure 2: EAB quarantine in 2012 (from the USDA-AHPIS website)
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Figure 3: EAB quarantine by county in Indiana.
This is previous to July 2012, when quarantine changed to the entire state of Indiana.
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There have been numerous studies detailing prevention methods for EAB, however,
up to this point in time, there is no apparent way of stopping the spread. The rate of
spread and infestation can be slowed (e.g., eliminating the movement of firewood
can greatly decrease the speed and distance of spread, thus reducing the occurrence
of satellite populations), which can potentially buy some time and save some money
for states and land owners, but there is a greater than 99 percent mortality rate
upon infestation.
The United States Department of Agriculture – Animal and Plant Health
Inspection Service (USDA-APHIS, 2003) protocol for treating infected areas has
been to cut ash trees within 0.8 km radius around infected trees. This “eradication
treatment” has been used in some areas with limited success (Hausman et al., 2010).
This protocol outlined the eradication method as cutting, removing, chipping, and
burning of ash trees within that 0.8 km radius. Hausman et al. (2010) studied the
effects of eradication methods with regard to impacts on forest biodiversity and the
likelihood of invasive plant spread. They found that in comparison to areas where
dead ash trees were left standing, the areas with “eradication treatment” were more
susceptible to invasives; the percentage of invasives in disturbed areas reached
18.7 percent , while in undisturbed areas were measured at less than 1 percent.
Girdling trees is another possible method of control. As stated above, girdling
involves removing 15 cm of bark circling the tree’s trunk. Female beetles seem to be
more attracted to these trees, possibly due to their preference for attacking
unhealthy trees, therefore turning these trees into a sink for a larger population of
17

larvae (Mercador et al., 2010). These trees would then be removed and destroyed,
ideally removing a larger number of EAB larvae than if done on non-girdled trees
alone.
In addition, individual trees can be inoculated with an insecticide, but this
can be a costly and time-consuming endeavor for an area with hundreds or
thousands of ash trees. Inoculating individual trees has potential to work in an
urban environment where trees are easy to locate and treat on an annual basis.
However, inoculating individual trees in a forested landscape is difficult logistically
and is expensive, and may not be an ideal opportunity because of the potential
negative impact of insecticide use on endangered species/insects (Mercador et al.,
2010). Treating individual trees is also not foolproof; at this point, research has
shown that insecticide injections can potentially slow the spread and decrease
numbers of individuals, but nothing has been found to be 100 percent successful on
all trees (Cappaert et al,. 2005; Poland et al., 2006; Tanis et al., 2012).
State and federal organizations have also attempted biological control to
lessen the numbers of EAB. Simberloff (2012) discussed the issues associated with
using biological control to reduce the impact of an invasive species as, “direct attack
on non-targets, indirect effects on non-targets, dispersal of a biocontrol agent to a
new area, and changed relationships between a control agent and a native species”
(p. 263). In 2007, three exotic species of parasitoid wasps (native to Asia and known
to parasitize EAB) were released in Michigan (Bauer et. al, 2010; Duan et al., 2011).
Current research is focusing on the efficacy and establishment of these species and
18

the potential for native parasitoid wasps to use EAB (or other species) as a host. So
far, native species have been noted to parasitize EAB, but in very insignificant
amounts, and at least one of the three exotic species has established itself in
Michigan and has increased its’ use of EAB as a host, while not causing harm to other
native borer beetles. However, the impact these parasitoids have had on the spread
of EAB is so far not confirmed to be significant (Bauer et al., 2010; Duan et al., 2011).

2.3 Introduction to GIS technology

Geographic Information Systems (GIS) technology is a versatile tool for
spatial analysis and visualization and can be applied in a variety of disciplines and
contexts. Its use ranges from being a map source for public use (mapquest, for
example), to completing complex geoprocessing models for in-depth studies. It is a
technology, a tool to solve problems, a way to find the nearest bank on google maps,
a business, and much more (Chrisman, 1999). It is a tool that has quickly become
integral to the work in a number of fields (e.g. natural resource/land managers,
restoration ecologists, land trust organizations, forestry, and educational facilities).
Nicholas Chrisman (1999) defines GIS as an “organized activity by which
people measure and represent geographic phenomena, then transform these
representations into other forms while interacting with social structures” (p. 175).
Michael Goodchild described nine “research areas” within Geographic Information
Science in 1990: “data collection and measurement; spatial statistics; data modeling;
19

data structures and indexes; algorithms and processes; display of spatial data;
analytical tools; decision theory and risk analysis; and reasoning and cognition”
(Goodchild, 1991, p. 194). Manipulation and presentation of extremely extensive
data files is now possible with GIS technology. Practically speaking, it is not just
“geography” anymore. Until recently, GIS has been a tool used only by professionals
well adept at manipulation of data and system analysis. However, with the
increasing popularity of GPS devices for everyday use by consumers, GIS is
becoming more popular and better understood. Wright et al. (2009) state that GIS
now enables us to redefine how we think about and use geographical maps in areas
of land management, “requiring a revision of the way we think about, learn from,
and use maps for environmental decision-making” (p.254).

2.4 GIS in forest and land management

With advances in technology and the spatial and visualization needs of land
managers , GIS is continually improving and becoming more complex (Li et al., 2005;
Wright et al., 2009). Spatial and temporal data can aid land managers in their
decision-making processes , and can provide geographic perspectives on a wide
range of topics including: species biodiversity (both plant and animal), forest
pathology, land cover and classification, mapping, invasive species control and
removal, watershed monitoring, and forest canopy cover (Mladenoff, 2004; Li, 2005;
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Foody, 2008; Goodchild, 2010). These applications can be utilized on many levels,
from individual landowners to state and governmental organizations (Li, 2005).
Canopy gap succession, distribution of species, and threats to biodiversity
are more easily predicted through GIS modeling (Mladoff, 2004; Foody, 2008).
There have been several modeling programs that have been developed over the past
several years (e.g., FOREST, JABOWA, SORTIE). These programs focus mostly on
successional forest change (and less on disturbance). These original programs
helped to pave the way to more sophisticated techniques in data collection and
modeling. Later, the LANDIS and DISPATCH models were created with land
disturbance modeling in mind, specifically for wind and fire (Mladenoff, 2004). Since
its inception, LANDIS has improved greatly in its ability to process data, and more
recently has been programmed to link to RAMAS, a “spatial species metapopulation
model”, which in turn is able to link “spatial landscape habitat change with a species
metapopulation model”, widening the abilities of both programs to analyze data.
(Mladenoff, 2004). Landscape modeling within the forestry discipline can greatly
benefit land owners by evaluating consequences of implemented forestry
management plans, both as they occur and as a way of predicting future successes
or problems (Xi, 2008).

2.5 Role of GIS in invasive species management and eradication

21

Land use change, global climate change, shipment of food and other products
that may harbor uninvited guests, and introduction of species for attempted
biological control, ornamental purposes, and wildlife management are all to blame
for the introduction and success of invasive species. Island habitats (i.e. Hawaii) and
wetland ecosystems are particularly vulnerable to these invasions, but that doesn’t
leave other ecosystems immune (Vitousek et al., 1997). Consequences of certain
biological invasions of this nature can be detrimental, negatively affecting croplands
and the economy, costing approximately $137 billion per year (Pimentel, 2000).
Also, irreversible damage can be done to native ecosystems, damaging processes
such as “primary productivity, decomposition, hydrology, geomorphology, and
nutrient cycling”, to name a few (Vitousek et al., 1997). Invasive species often outcompete native species for food or land space, choking them out sometimes to
extinction. As a result, landscapes or ecosystems being impacted by an invasive
species (e.g., bush honeysuckle) often lose biodiversity over time.
Invasive species have been detrimental to forest health in mid-western
deciduous, flatwood forests. Many tree species have succumbed to foreign
pathogens or invasive insects. The more disturbed the forest, the more vulnerable it
is to invasion (Vitousek et al., 1997). Using GIS scientists are able to map the spread
of invasive species, and better predict ways to prevent further spread by: 1)
lessening the impact of the invasive threat; 2) stopping the spread into certain highpriority areas (i.e. protected forest or other protected or pristine land); and 3)
taking measures to eradicate the invasive species present (Mollison, 1986; Peterson
22

& Vieglais, 2001). Using GIS technology can shed a certain geographic light on the
spread of such species that could not be done before. These applications are species
and ecosystem dependent; it is not a foolproof science and much more needs to be
done to improve modeling. Further, each invasion or problem is potentially
independent of another, and some areas may be affected differently by a certain
invasive, which can affect certain models and outputs created (Peterson & Vieglais,
2001).
Ricciardi et al. (2000) emphasized that past methods of information
distribution (e.g. printed media) were not adequate or fast enough to appropriately
handle large and fast invasions. They propose a “one-stop-shop” data registry
accessible all across the globe, available for research and data sharing in relation to
invasive species. They argue that, while regional databases are important, they
rarely, if ever assist on a larger global level. In many ways, the internet has become a
key source of information and data-sharing among professionals. It is now possible
to find data layers and information shared across the globe on invasive species.
Websites, such as the Global Invasive Species Programme (GISP) and Biological
Invasions Researcher Database, among others, as well as information sharing
between educational institutions such as universities and governmental
organizations is becoming much more common than it was ten years ago.
Local examples of using GIS applications for invasive control are the Emerald
Ash Borer (EAB) and exotic mussels. These two invaders have caused considerable
trouble in their respective habitats, and local, state, and federal environmental
23

agencies have had difficulty controlling them. Bendor et al. (2006) used a spatial
model to investigate and depict the spread of EAB, in order to more fully
comprehend the cause and effect of such invasions. They created models and
executed five simulations based on three factors causing spread of the EAB: tree
distribution and land use, possible effects of a county-wide quarantine, and
implementation of an eradication plan. By doing this, it was possible to see a more
complete picture of the invasion and develop a more specific framework to assist in
slowing the spread of the EAB (Bendor et al., 2006). As previously discussed, human
intervention is largely to blame for the spread of EAB, causing distant satellite
populations. This can be difficult to map or model. However, if researchers can use
GIS applications to show the effect that humans have on the spread visually by using
a map, that data can be used to educate the public and bring more awareness to the
true issues at hand.
Invasive mussels have negatively impacted Lake Erie, as well as many other
water bodies in the Midwest and Great Lakes region, reproducing at astronomical
rates (Haltuch et al., 2000). Haltuch et al. (2000) used GIS to manipulate data
retrieved from the National Oceanic and Atmospheric Administration (NOAA) and
the Environment Canada, for bathymetry and sediment, respectively. This is a good
example of data sharing, and clearly speaks to the need for increasing continual data
sharing globally. The results of the study gave a clearer picture of how and why
certain mussel species were spreading, and where. Additionally, Haltuch et al.
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provided a framework to help guide future control and eradication methods for all
invasives.
Incorporating GIS, GPS, and remote sensing techniques together will deepen
researcher’s capabilities and improve upon the validity of results. Further,
incorporating GPS points collected in the field with satellite imagery or LiDAR data
can improve the interpretation of the data remarkably (Gao, 2000).

2.6 Accuracy problems under the forest canopy

As scientists in the environmental management field explore new ways to
integrate GIS and remote sensing applications in their work, the technologies are
evolving in response to the needs of the scientific community. Though GPS
technology continues to improve, there are still some complications to getting the
most accurate and reliable data, particularly when being used in mature forests with
dense canopy cover. While it is now easy to obtain a modestly priced GPS receiver
that can produce fairly accurate results (down to sub-meter), this accuracy can be
compromised under the canopy (Wing, 2008). Most GPS receivers can be lumped
into three categories: consumer, mapping, and survey-grade, increasing in cost and
accuracy respectively. In addition, the accuracy reported or represented by
companies offering GPS equipment and services is often a “best-case scenario”
measurement, and therefore cannot always be completely relied upon depending on
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the conditions in the field (Wing, 2008). Several studies have been conducted on the
accuracy of a variety of GPS receiver models.
There have been many studies conducted over the past 10 years comparing
GPS units (survey, consumer, and mapping scale) and their accuracy in various
habitats (Anderson et al., 2009; Wing & Eklund, 2007; Wing, 2011). While many
“consumer grade” GPS units perform fairly well in more open-spaced conditions,
their accuracy begins to wane when canopy cover becomes increasingly dense.
Errors can occur based on several factors including atmospheric conditions, changes
in topography, canopy cover, inaccurate time measurements, multipathing
(bouncing off of a building and creating a time delay, for example), receiver noise,
and amount and position of satellites (Johnson & Barton, 2004; Wing, 2008 & 2009).
Of the articles referenced in this section, the reported range was anywhere between
1-30 m accuracy in various settings, with accuracy improving with time in all
settings (older research yielding less accuracy). Anything in this range for some
might be adequate, but it is highly dependent on what the research is tailored for
and what precision is required. Accuracy was best with the surveying-grade scale
GPS, followed by mapping-grade, followed by consumer-grade, which is to be
expected. The most recent research showed remarkable difference in errors
compared to earlier year GPS retrievers (Wing, 2011). Error under a mature
forested area was found to be 3.8 and 2.1 meters with a consumer-grade GPS unit.

26

2.7 Improving accuracy in the field

There are several ways to improve the accuracy of a GPS receiver pre- and
post-data collection. For improving accuracy in the field, a simple solution is the use
of an added antenna, which will improve the ability to connect to multiple satellites.
With regard to adjusting previously recorded data, differential measurement
correction can also be used to improve accuracy. As Wing (2008) explains,
“differential corrections imply the use of a GPS base station receiver to estimate
positional errors that are attributable to timing, atmospheric interference of
satellite signals, and imperfections in representing satellite orbital patterns”. Each
time a GPS point is created, several measurements are recorded at the same
location. The differences between the known location within the base station and
GPS measurements are considered “errors” and corrections are made based upon
those errors. Most GPS receivers are able to use differential measurement
corrections, but some require added software for post-processing. With the proper
correction software, a GPS location can be corrected for more accuracy based on the
“control points” the GPS correction base station provides. Based on these “control
points”, corrections are made to improve accuracy (Johnson & Barton, 2004; Wing &
Eklund, 2007). Post-processing can be accomplished using national GPS base
stations such as the Continuously Operating Reference Stations (CORS), or
internationally with a Global Navigation Satellite System (GLONASS) (Wing, 2008).
This method can include (but not always) added software, receivers, or rovers,
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which could increase pricing, making it less available to some. While this may be a
viable option, true accuracy may still be affected by canopy cover and topographic
changes.
The above options may require excess equipment or assistance from
additional base stations, but there are a few options that can be applied in-house.
Point averaging can be applied by simply collecting several measurements for one
location, and taking the average as the most accurate point for that location. By
employing point averaging, the average of multiple points is statistically more likely
to have greater accuracy than simply recording one point (Wing, 2008). Using
measurement offsets is another option, and requires measuring a distance and
direction from a known location, then calculating captured points with the known
location and distance. For this study, both point averaging (50-100 measurements
for each center point plotted) and measurement offsets (for the mapping of each
tree individually) were used.

2.8 Conclusion

Invasive species are a growing concern for many reasons, and on many levels. It is
imperative that more studies are conducted to fully understand and ideally predict
the spread of the various threats we see today. GIS is an excellent tool to use to
improve prediction models of invasive spread and consequences. However, GPS,
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GIS, and remote sensing technologies are changing at a rapid rate. Accordingly, it is
imperative to reference the most recent research on GPS receivers due to the everoccurring change and improvement in technology. Also, accuracy will vary
(sometimes to an extreme) depending on the location of fieldwork and type of data
collected. Using GPS in a forested area is generally more difficult comparatively
because of the canopy cover, and often requires additional money and ingenuity in
order to get the most accurate data. There are several ways that accuracy can be
improved, but it is all highly dependent upon the situation as to what technology
would work best.
GIS is both a useful and necessary tool in natural resources and forestry
management fields, especially in regard to invasive species. It can aid in assessing a
problem or question, help to predict future problems, and enhance the user’s ability
in problem-solving and decision-making. Current and future research initiatives
should prioritize data-sharing (Ricciardi et al., 2000) since sharing data could aid in
further research and modeling of biological invasions.

29

Chapter 3. Methods and Materials

3.1 Survey site

Ginn Woods is a unique 161-acre old growth forest located in northern
Delaware County, Indiana. Deemed a classified forest in 1929, Ginn is the “second
largest old-growth forest in Indiana”, with ash species making up nine percent of
canopy cover (Badger et al., 1998).
The property is currently owned by Ball State University, but between 1832
and 1971, it was owned and managed by the Ginn Family. According to Badger et al.
(1998), the northern section (Fig. 4) is considered virgin forest and had not been
previously logged or used for pasture. The south section however had mild
disturbances dating back to the 1920s, but no history of grazing. Nixon woods,
which is located directly south of the original Ginn property, was purchased a few
years after Ginn, and while no record of prior usage was acquired, it was reported
having larger trees than Ginn and no evidence of disturbance (McClain 1985 via
Badger et al. 1998). The Wesley area was not considered for this study, as it was

previously logged and is mostly successional forest. Topographically, Ginn is
primarily level and contains several depressional wetlands (Fig. 4). According to
Ruch et al. (1999), Ginn Woods was described as a maple-beech-basswood forest.
The canopy and understory is comprised primarily of shade tolerant tree species,
and mostly consists of Acer saccharum, Fagus grandifolia, and Tilia americana in
upland areas, while Acer saccharinum, A. rubrum, Carya laciniosa, Fraxinus
pennsylvanica, Platanus occidentalis, and Populus deltoides are more predominant in
the lower wetland communities (Badger et al., 1998; Ruch et al., 1999). In the
Badger et al. study (1998), the point-centered quarter method was used to sample
all woody stems ≥ 10 cm dbh, and woody stems less than 10 cm (and 2 m or more
tall) were sampled using 0.01 ha circular plots, located in the three historical
boundaries of North Woods, South Woods, and Nixon Woods (Fig. 4). Further, the
1999 study of the vascular flora of the site resulted in the finding of 384 species of
plant found, with 127 of those being recorded in Delaware County for the first time.
This site was chosen for this study specifically because of its importance as
an old-growth forest in Indiana, and because of its nearly pristine natural condition.
By using Ginn Woods as a study site, the current inventory can be compared with
future forest assessments, and can set up a baseline to monitor and document
changes. This will greatly enhance our understanding of the full impact of the EAB
invasion on an old growth forest in Indiana.
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Figure 4: Vegetation communities, sections, and hydrology of Ginn Woods
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3.2 Software and data collection

A canopy tree inventory of Ginn Woods was created during the spring and
summer months of 2012, using a Geneq SXBlue GPS receiver and handheld
computer device (PDA) with ESRI ArcPad10 and ArcMap10 software. The Geneq
SXBlue connected to the handheld device via Bluetooth, and has an average
expected accuracy of 0.6-1 m in the open, and 2-5 m accuracy under the canopy
(Geneq Inc.). This GPS unit provided accuracy that could not be matched by other
units in a similar price range. In addition, to optimize accuracy, differential fix was
monitored as GPS points were entered and point averaging was applied (50-100
measurements for each center point plotted) (See Section 2.7 in literature review).
Using ArcMap 10, a grid of 30 m2 plots was generated and overlaid on
previously created Ginn Woods property map shapefiles. Center points with 5 m
buffers were calculated for each 30 m2 plot (Fig. 5 & 6). This method provided a
quick and easy template to follow when collecting data in the field. The site map
with grid plots and center points were uploaded to the handheld PDA connected to
the GPS receiver. Using this system, each plot was navigated to, the center point on
the map located and then recorded as a GPS point within 5 m of the calculated
center point (Fig. 5). This GPS point became the point upon which all the trees of
appropriate dbh within that 30 m2 plot would be recorded, noting each tree’s
distance and azimuth from that center point. We moved methodically from point to
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point, recording one GPS point for each plot/center point, systematically starting in
the northern section and working our way down, row by row.

Figure 5: Screenshot of PDA while collecting data in the field.
The line signifies our tracks while navigating from center point to center point of the
30 m2 plots

All trees with a dbh ≥ 45 cm and all Fraxinus spp. with a dbh ≥ 30 cm were
measured in each plot. The distance (measured with a Haglof electronic distance
measuring tool) and azimuth from the center point was recorded for each tree in
order to map them individually later. In addition to dbh, any notes on health and/or
location were recorded, such as scars or other damage to trees, and/or location in
relation to a landmark such as a creek or fence. The dbh was measured using Haglof
tree calipers or a dbh tape when the diameter was > 95 cm. Each tree was marked
with blue chalk to avoid repeated data collection. All data was manually written in a
field book, using the form seen in Fig. 7.
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Figure 6: Two views of the grid, plots, and center points.
The image on the right depicts the northern section of Ginn with the 30 m2 plot grid,
and the image on the left is zoomed to show 3 plots and their center points (yellow
dots). The graduated circles around the center points are the 5 m buffers created to
assist with navigation to each point using the GPS.
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START
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END
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X-COORD

DBH
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NOTES

1
2
3
4
5
6

Figure 7: Data form used to record data collected in the field

3.3 Spatial analysis and map production

To increase accuracy of each tree’s location, measurement offset was used for
individual tree mapping. Measurement offset requires measuring a distance and
direction from a known location, then calculating captured points from this known
location with azimuth and distance. Attempting to plot a GPS point for each tree in
the field would be time consuming (using point averaging takes about one second
per position recorded, and we recorded 50-100 positions for each center point) and
less consistent in terms of accuracy (Wing, 2000). Using ArcMap 10, each tree’s XY
coordinates were calculated (using the ArcMap field calculator) based on their
relationship to the XY coordinates of the GPS center point mapped for their
respective plot. This was done by adding all data collected (DBH, distance, azimuth,
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notes) into a Microsoft Excel file, and then adding that excel file to ArcMap. The
attribute table of the shapefile containing the GPS plotted center points was joined
with the Excel table data, and the XY data was created and mapped for each tree
based on the XY data of each center point plotted (Fig. 11) An offset equation was
obtained through ArcPad software (ESRI website, May, 2012):

X offset equation: [X_coord] + [Dist_m] * Sin ( [Azimuth] * 3.1415/180)
Y offset equation: [Y_coord] + [Dist_m] * Cos ( [Azimuth] * 3.1415/180).

This method of measurement offset allowed quicker data collection with greater
accuracy. This method also allows for easier future corrections in accuracy of GPS
positions since all trees within each square plot are associated with one GPS point
located in the center. It will be easier to improve accuracy with that one point, and
re-project the tree locations based on their relationship to that point, rather than
attempting to improve the accuracy of each individual tree or to repeat collecting
GPS points of each individual tree.
Using the dbh to crown regression equation (Gering & May, 1995; Bechtold,
2003), tree crown diameters were calculated based on dbh to create a buffer around
each tree point, representing individual crown diameters. Several previous studies
show that crown diameter is highly correlated with DBH (Gering & May, 1995;
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Bechtold, 2003; Hemery et al., 2005; Lockhart et al., 2005; Kazmierczak et al., 2011).
Using a simple regression equation, the crown diameter was calculated and mapped
as a buffer (using the ArcMap Proximity tool) based on each individual tree’s dbh.
The equation, CROWN = a + b(dbh), where “a” and “b” are regression coefficients,
was tested by Gering and May (1995), Lockhart et al. (2005), and Hemery et al.
(2005), and enhanced with additional variables, such as crown ratio, Hopkins index,
latitude and longitude, elevation, and stand-basal area (Bechtold, 2003). For the
purposes of this study, the simple regression equation above was used and the
linear regression coefficients for hardwood trees reported by Gering and May
(1995) were used (a = 2.397 and b = 1.8909). To create this, an attribute column
was added in the current attribute table containing all of the XY data used to map all
trees measured. The equation was inserted and each tree’s DBH was used
individually to calculate each crown diameter. Once the diameters were calculated,
the Proximity tool was used to project each tree’s crown in the form of a circular
buffer (Figs. 23, 24, & 25). Two canopy map layers were created, one with ash and
one without. Using the “merge” tool, the canopy buffers were merged together to
form one single polygon for each layer. The area for both (with and without ash)
was calculated, and the difference was the loss of ash canopy (Fig. 25). This method,
including the GIS model, was previously tested on 10 forested acres in Christy
Woods on the Ball State University campus in fall 2011 (John Taylor, Pers. Comm.).

3.4 Statistical analysis
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Descriptive statistics were performed (population density, density of species
per hectare, mean dbh and crown diameter, importance value, and basal area, by
genus and species) using the variables collected and using Microsoft Excel 2010 and
ArcMap 10 software (Table 1, Figs. 8-10). Using this information, several
geographical maps were created to portray and complement the results visually
(Fig. 11-25).
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Chapter 4. Results

4.1 Species distribution and dbh averages

The diameter at breast height (dbh) was measured on 4,579 trees (Table 1).
Of the trees measured, 4,234 had a dbh ≥ 45 cm. An additional 345 trees were ash
species measuring 30 to 44.9 cm dbh. A total of 30 species were recorded.
Acer spp. dominate the forest in general (41.9 percent), with A. saccharum being the
dominant species comprising 33.8 percent and A. saccharinum comprising only 8.1
percent. Quercus spp. (both sections included) were the second dominant species
with a combined 14.2 percent. Tilia Americana was the third most dominant species
representing 11.3 percent of total species recorded. Fraxinus spp. included F. nigra,
F. americana, F. pennsylvanica, and F. quadrangulata. Of the 717 ash trees measured,
372 had a dbh ≥45 cm and made up 8.8 percent of total species recorded. Quercus
section Lobatae (red oaks, including Q. palustris, Q. shumardii, and Q. rubra) and
Fagus grandifolia consisted of 8.4 percent and 8 percent, respectively.
Mean dbh was calculated for each species group (Table 1). Acer spp. have a
mean dbh of 58 cm, but separately the mean dbh for A. saccharinum is 68.1 cm and

for A. saccharum is 55.5 cm. Oak species groups have the highest average dbh, and
are generally the largest trees in Ginn Woods. Quercus spp. altogether had a mean
dbh of 73.3 cm. Although the Acer spp. group contained the highest number of stems
measured (1774), their mean dbh was much smaller than the Quercus spp. The
lowest mean dbh for all species was the ash group with a mean dbh of 48 cm.
The Quercus spp. had the largest mean crown diameter (17.4 cm). As a
whole, the Acer spp. group had a mean crown diameter of 13.8 m, but separately A.
saccharum had a smaller crown diameter (13.3 m) when compared to A.
saccharinum (16.2 m), which was expected due to the difference in dbh.

Figure 8: Graph indicating population density by genus
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Not surprisingly, Acer spp. also had the highest importance value, relative
density, and basal area as well, with Quercus spp. and T. americana coming in at second
and third, respectively for importance value (Table 1, Figs. 9 & 10).

Figure 9: Graph illustrating Importance Value by Species

Figure 10: Graph illustrating Importance Value by Genus
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Genus

Total
Trees
Measured
Acer
1774
Quercus
601
Tilia
477
Fraxinus
372
Fagus
338
Populus
189
Carya
188
Juglans
68
Celtis
65
Platanus
44
Liriodendron 37
Ulmus
38
Prunus
18
Gymnocladus 10
Aesculus
10
Gleditsia
5
Total
4234

Density
Relative
(Trees/Ha) Density
28.79
9.75
7.74
6.04
5.49
3.07
3.05
1.10
1.05
0.71
0.60
0.62
0.29
0.16
0.16
0.08
68.71

41.90
14.19
11.27
8.79
7.98
4.46
4.44
1.61
1.54
1.04
0.87
0.90
0.43
0.24
0.24
0.12
100%

Sum BA
(m2)

Basal
Area
(m2/Ha)
488.06
7.92
269.60
4.38
127.93
2.08
100.62
1.63
80.36
1.30
71.43
1.16
44.68
0.73
18.88
0.31
16.50
0.27
15.01
0.24
12.57
0.20
8.99
0.15
3.76
0.06
2.86
0.05
1.83
0.03
1.70
0.03
1264.79 20.53

Relative
Basal
Area
38.59
21.32
10.12
7.96
6.35
5.65
3.53
1.49
1.30
1.19
0.99
0.71
0.30
0.23
0.14
0.13
100%

Mean
dbh
(cm)
58
73.3
57.4
48
54.5
67.8
54.5
58.9
55.6
64.3
64.6
54.4
51.2
59.5
48.1
64.4
------

Mean crown
diameter
estimate(m)
13.9
17.4
13.8
13.8
13.1
16.1
13.1
14.1
13.2
15.4
15.4
13.1
12.4
14.4
11.6
15.4
----------------

Importance
Value
40.24
17.76
10.69
8.37
7.17
5.06
3.99
1.55
1.42
1.11
0.93
0.80
0.36
0.23
0.19
0.13
100%

Table 1: All species ≥ 45 cm with recorded tree total, mean dbh, and calculated mean crown diameter for each group
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Figure 11: Comparison map of all trees mapped in Ginn Woods.
The image to the right shows the location of all trees mapped in some of the northern
section of Ginn. The image to the left is zoomed in to see three 30 m2 plots, center
points for each plot (smaller yellow circle), GPS point recorded (larger yellow circle),
5 meter buffer (with 1, 2, 3, & 5 m buffers) for each center point, and each tree and ID
measured and mapped within the plots.

4.2 Maps

Maps were created to spatially represent the distribution of all trees
measured in Ginn Woods (Figs. 10-19). Figure 10 illustrates the distribution of all
4,579 trees measured and recorded. Figures 11-19 illustrate the distribution of
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various species (represented by section, genus, or species). Species preference,
particularly based on wetness, can be seen in some maps, particularly in Figure 11
(Acer spp.) and Figure 18 (Populus deltoids distribution).
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Figure 12: Distributions of all 4,579 trees mapped at Ginn Woods.
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Figure 13: Distribution of all Acer spp. (A. saccharum and A. saccharinum) in Ginn Woods.
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Figure 14: Distribution of all Tilia americana trees measured in Ginn Woods.
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Figure 15: Distribution of all Fagus grandifolia trees measured in Ginn Woods.
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Figure 16: Distribution of all Quercus section Lobatae trees measures in Ginn Woods.
This section of Quercus includes Q. palustris, Q. rubra, and Q. shumardii
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Figure 17: Distribution of all Quercus section Quercus trees measured at Ginn Woods.
This section of Quercus includes Q. alba, Q. bicolor, Q. macrocarpa, and Q.
muehlenbergii
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Figure 18: Distrubution of all Fraxinus spp. Trees measured in Ginn Woods. Fraxinus spp.
include F. americana, F. pennsylvanica, F. nigra, and F. quadrangulata
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Figure 19: Distribution of all Carya spp. Trees measured in Ginn Woods. Carya species include
C. cordiformis, C. glabra, C. lacinioca, and C. ovata
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Figure 20: Distribution of all Populus deltoides trees measured in Ginn Woods.
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Figure 21: Distribution of all other species measured in Ginn Woods. These species
comprise 2 percent or less of the total trees measured and includes Aesculus glabra,
Celtis occidentalis, Gleditsia triacanthos, Gymnocladus dioica, Juglans nigra,
Liriodendron tulipfera, Platanus occidentalis, Prunus serotina, Ulmus americana, and
Ulmus rubra
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4.3 Emerald ash borer (EAB) distribution

EAB invasion was confirmed in Ginn Woods at 14 different locations (Fig.
20). Two ash trees were confirmed dead and 12 other trees showed signs of
infection. (EAB confirmation is explained in more detail in Section 2.2 of literature
review section.) Other ash trees exhibited signs of possible EAB, however D-shaped
holes were not observed in the trunks of these trees. Unfortunately, the distribution
of EAB is widespread throughout the site suggesting that it has been there for
several years.
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Figure 22: Map of Ginn Woods indicating the confirmed locations of EAB infestations (i.e., the
larger red circles). There were 14 locations, however, the location indicated with an
arrow is a double tree that split below breast height, therefore being counted as two
trees.
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4.4 Canopy map and crown diameter calculations

Using the ArcMap 10 “merge” tool, the total canopy space with and without
ash was calculated in square meters and is illustrated in Figures 23, 24, and 25.
Estimated total canopy space is 454, 658 m2 (Fig. 23), and without ash is 424, 630
m2 showing a difference of 30, 028 m2, or a total of 6.6 percent potential canopy loss
(Fig. 25). The removal of all the ash tree canopies does not appear to have a
detrimental effect on the forest canopy as a whole; however the potential for more
open canopy space than usual can definitely be seen by the map (Fig. 25). It must be
noted that, while all trees with a dbh above 45 cm will contribute to the canopy,
trees with a dbh below 45 cm can also contribute to the canopy significantly, and
those were not measured, with the exception of Fraxinus spp., due to the time
limitation for this research.
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Figure 23: Canopy map representing the estimated total canopy of the trees measure
at 45cm dbh and above at Ginn Woods using the regression equation.
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Figure 24: The canopy of some individual trees, zoomed in to the 30 m2 plots.
Each circle centered above a tree point signifies their crown diameter. The labels are
the abbreviations used in the field to collect the data, and the chart with each species
abbreviation can be found in Appendix 1 The lighter green color signifies canopy
gaps between the trees measured.
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Figure 25: Canopy map of Ginn Woods minus all Fraxinus spp.
The yellow areas depict the canopy areas covered by Fraxinus spp. that will be lost
due to EAB. The green areas depict all other tree crowns. This yellow area signifies
the estimated 6.6% canopy loss due to EAB.
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Chapter 5. Discussion and Conclusion

5.1 Discussion

This research found the forest canopy to be dominated by Acer spp., Quercus
spp. (when grouped together).T. americana. Quercus spp. and A. saccharinum had
the largest mean dbh, and thus the largest crown diameters. Based on dbh, the
Fraxinus group was one of the smaller groups accounting for 8.8 percent of all
species measured. Expected canopy loss due to EAB would be approximately 6.6
percent (Table 1, Fig. 25).
One purpose of this study was to predict canopy loss due to death of ash
species, possibly indicating where invasive species might proliferate. However,
canopy gaps are a necessary and naturally occurring phenomenon in forests as well.
The characteristics of gap dynamics and the regeneration of vegetation within those
gaps are key to understanding forest dynamics. The size, shape, and area of canopy
gaps can have a great influence on the species that will propagate (Canham, 1989;
Blackburn & Milton, 1996; Yamamoto, 2000; Pedersen, 2004; Hix et al., 2011). ‘Gap

dynamics theory’, states that shade-intolerant species can repopulate in old-growth
forest gaps (Watt, 1947 via Yamamoto, 2000). Ginn Woods is currently dominated
by A. saccharum, T. americana, and F. grandifolia, all shade-tolerant species (in both
canopy and understory species). Larger gaps due to loss of Fraxinus spp. may
provide more native, shade-intolerant species the ability to thrive and can lead to
increases in species vegetation diversity . However, surrounding canopy trees also
play a significant role in the closure of canopy gaps, possibly closing the gap too
quickly for some vegetation and shade-intolerant species to thrive (Pedersen, 2004).
Current disturbance in Ginn is primarily due to windfall, which is a fairly common
occurrence in mid-western deciduous forests, especially flatwood forests. According
to Badger et al. (1998) and Gedler (1998), Ginn may be susceptible to this more-so
than other forested areas due to soil structure and a seasonally high water table
(less than 40 cm from the surface for most areas); tree roots were discovered to be
comparatively shallow, which allows for more tree fall and more frequent gaps
occurring in the forest canopy. Tree fall occurred regularly during the data
collection period of this study. Some trees that had been previously measured fell in
the 4 month period of data collection, which poses the question: how long will the
data and maps created in this study remain relevant? Only time will tell.
This study adds significantly to the previous study of Ginn Wood’s
composition which described the site as a maple-beech-basswood forest (Badger et
al., 1998). As stated in the methods section, different sampling techniques were
used in this study as opposed to the previous study. This study sampled and
63

collected data encompassing all trees ≥ 45 cm and all ash trees ≥ 30 cm throughout
the forest instead of using a point-centered quarter method. Further, a different
sample size (both in number and physical size) and technique was used to predict
the structure and composition of Ginn. Results between the studies were similar for
A. saccharum and Carya spp. for all sections in 2012, while there were fairly
remarkable differences in the frequency of A. saccharinum, F. grandifolia, Quercus
spp., and Ulmus spp. throughout the sections. These initial similarities and
differences between the data collected could be an indication of the differences in
typical species distribution in the canopy vs. understory, and could give us a look
into the future of what species may proliferate in Ginn, especially with the
possibility of an increase or enlargement of canopy gaps. Yamamoto (2000) stated
that in old-growth forests, canopy tree species (specifically shade-intolerant species
such as Juglans nigra, Carya spp., Liriodendron tulipfera, Platanus occidentalis,
Prunus serotina, Gleditsia triacanthos, and Gymnocladus dioica) tend to be more
scattered and density decreases with smaller size or younger age (Jackson, 2003). A
current look at the composition of the understory using similar techniques from the
1998 study, also by including remote sensing data, would be very beneficial to be
able to compare and predict how Ginn may change (and document how the
understory may have changed over the past 14 years). The possibility of having
more canopy space opened with the loss of Fraxinus spp. can also be taken into
account. With the maps generated in this study, focus could easily be made on the
areas more heavily dominated with Fraxinus spp.
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While dbh is highly correlated with canopy diameter, the regression model
ratio seemed to decrease as the size of dbh increases. Hemery et al. (2005) used the
same regression equation cited from Gering and May (1995) on various hardwoods
in three different woodlands in Britian and reported similar results. According to
Dawkins (1963, via Hemery et al.,2005) dbh and crown size are fairly linear
between a dbh of 20 cm to 50 cm, and Hemery et al. found that the linear
relationship can vary depending on the species as the dbh increases. While this was
not studied in depth for this research, it was noticed that larger trees (initially
discovered in trees over 100 cm dbh) had crown diameters that were much larger
than what they should realistically be (for example, a 139 cm dbh tree was
calculated to have a 32 meter canopy diameter), which was discovered by
comparing the aerial photographs of the forest with the canopy buffers. This issue
can be partially resolved by using coefficients specific to certain species in the
regression model, as well as using more variables to refine the result as Bechtold et
al. showed, which could be a very valuable future research project for Ginn Woods.
While there are some research studies that have addressed this subject (Bechtold,
2003; Gering & May, 1995; Hemery et al., 2005; Kazmierczak et al., 2011; Lockhart
et al., 2005), research testing these regression models and coefficients in Midwest
and Eastern deciduous forests would add significantly to the literature.
Basic visual comparisons can be made with aerial imagery, but incorporating
remote sensing or LiDAR can be a next step in adding to the dataset. For example,
Blackburn and Milton (1996) used remote sensing imagery to produce a map of
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vegetation cover in an area of deciduous woodlands, and then were able to
distinguish the degree and location of canopy gaps. Remote sensing is particularly
useful in areas that are not easily accessible; can cover large areas in shorter time
spans when compared to collecting data by hand on the ground; can add to creating
predictive canopy gap models; and can be mapped using GIS software as well.
However, remote sensing and LiDAR applications are technical and expensive, so
funding and technical expertise are necessary. If the equipment is available, remote
sensing is an excellent way to monitor forest dynamics by increasing accuracy and
speed of data collected (Blackburn & Milton, 1996). Remote sensing data could
greatly improve the level of accuracy of this project.
Much of the available research on the spread of EAB is post-EAB invasion,
since the beetle moves through forested areas at such alarming rates (McFarland
and Meyer, 2003; Cappaert, 2005; Lovett et al., 2006; Poland & McCullough, 2006;
Hausman et al., 2010; Mercader et al., 2010). By the time EAB had been discovered
as an invasive pest, it had already infested many areas. A general estimation of
Fraxinus spp. in most affected areas is available through the USDA, but this can only
help us understand some general points of EAB impact (McFarlane & Meyer, 2003).
By conducting a tree inventory early in the infestation, we have established a
baseline with which follow-up studies and inventories can be compared. This has
the potential to help us understand infestation rates of EAB (as well as other
potential invasives or diseases), the impacts EAB has on forest biodiversity, and how
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informed management can play a role in conserving important forest ecosystems
like Ginn Woods.

5.2 Conclusion

This research explores the potential use of GIS techniques in forest
management and invasive eradication protocols. It demonstrates how spatial
applications can greatly improve field studies by creating interactive maps using
collected data. Further, using GIS and spatial applications provides an alternative
way for researchers to use large datasets by simplifying and increasing the ways to
interpret data. While gap dynamics have been widely studied, there is very little
literature on the application of predicting gaps (Yamamoto, 2000). Previous field
methods studying canopy gap characteristics used line transect sampling methods,
which can be time consuming and costly (Hix, 2011; Pedersen, 2004; Yamamoto,
2000). GIS and remote sensing tools can greatly improve past studies and can
redefine how future forest canopy gap studies are conducted in the future.
The 6.6 percent canopy loss is only an estimate, and does not account for
trees that may fall as a result of falling ash trees. Also, in map form, all crown buffers
are perfect circles directly above their respective trunks, which is almost never the
case in reality. Many factors can affect the accuracy or validity of this canopy map,
including but not limited to tree fall, health of individual trees, proximity of trees,
and accuracy of the GPS unit. In real forests, trees lean, fall, have broken crowns, and
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are crowded by other tree crowns. This map does, however, accurately give the
location of each ash tree and their estimated crown size, which is valuable when
trying to understand EAB impacts on the forest as a whole. By creating an
interactive map of all the larger trees in Ginn Woods and their canopies, the ability
to observe changes in the forest and canopy is much improved. Looking at Fig. 23, it
seems the areas with Fraxinus spp. are, to a certain degree, covered by other species.
This could lead to a few potential initial conclusions: 1) the ash trees, on a whole,
have the smallest mean dbh, resulting in smaller canopy sizes than surrounding
trees (see statistics in Table 1); 2) this smaller canopy size (when compared to other
species measured) leads to less overall coverage; and 3) depending on the area of
the forest where large populations of ash are seen, the probability of increasing the
risk of invasion of exotic plants may be low.
EAB has a confirmed presence in Ginn Woods as a result of this study. EAB
infestation was confirmed in 14 different locations scattered throughout the forest
(Fig. 22), demonstrating the importance of this study. Future research can address
questions such as: 1) are all species of ash infected equally?; 2) as the canopy opens,
which species move in or proliferate (indicating the plant succession of the gap)?; 3)
how accurate are the canopy diameter estimations?; 4) what is the average rate of
gap formation in Ginn Woods, and how does it compare to the average gap
formation rate of other eastern deciduous forests?; 5) Will shade-intolerant species
in Ginn Woods grow adequately enough before gaps are closed?; and 6) does a
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measurement of all trees 45 cm and above in dbh accurately display a canopy map
of an old-growth forest?
Furthering the research, this forest can be monitored on a canopy level much
more easily now that the locations of the large trees are known, and it is
recommended by the author that this be done. All the ash trees should be monitored
on a yearly basis (or more often, depending on the intended research), opening the
door for monitoring EAB spread, tree response to the infestation, and plant
succession in the gaps that are created. Change in light levels within existing or
newly created canopy gaps can more effectively be monitored in areas with ash
trees, and on a whole forest level if warranted. In essence, the entire spread of EAB
throughout the forest can now be documented and mapped. In addition, if any
eradication or planning efforts are required based on another invasive threat the
locations of all canopy trees are known, giving the land manager an advantage to
dealing with such threats. GIS applications not only benefits forest land managers,
but can be applied to urban forest environments. Private companies, government
entities, and non-profit organizations alike can benefit from planning with a
template like this. Communities that have not yet experienced EAB, for example, can
begin preparing for that eventuality by inventorying all trees that may be affected
using GIS.
It is the author’s belief that this research has been very beneficial for Ginn
Woods, as old growth forests in Indiana are few and far between. Of the eight
million ha of forest that originally covered Indiana, only 800 ha remain, at an
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average stand size of 19 ha (Badger et al., 1998; Spetich et al., 1997). As a Ball State
University property, Ginn has been (and continues to be) an essential resource for
education. The parcel is only 20 minutes from campus. Students in biology, natural
resources, and land management disciplines benefit by being able to conduct
research and/or at least visit the parcel. Also, Ginn is an excellent resource for
graduate students. Continuing to conduct research and collect data there only
benefits the ability for Ball State students to understand the composition and
structure of an old growth forest on many levels. There are many more questions to
be explored, promoting future theses, dissertations, or other studies related to the
ecology of Ginn Woods. This preliminary research opens the door for many more
graduate level studies to be conducted, whether that is adding to this research, or
using the current dataset to monitor forest changes, or investigating other forest
aspects.
To conclude, this study and the data produced give the land manager of Ginn
Woods a head start on how to plan for its future preservation. Using spatial
applications to enhance data accuracy will improve the efficacy of forest
management. Other land managers and urban planners, for example, can use this
methodological framework to monitor and conserve their land, and ultimately the
health of the ecosystem, using GIS. GIS and other geographic technologies are
changing the way traditional ecological field work is being conducted. Embracing
these new tools has the potential to improve accuracy, efficacy, cost, data
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management, and many other aspects of land management, on many levels now and
in the future.
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APPENDIX 1

Code

Scientific Name

Common Name

Acsi
Acsa
Aegl
Caco
Cagl
Cala
Caov
Ceoc
Fagr
Fram
Frni
Frpe
Frax
Frqu
Gltr
Gydi
Juni
Litu
Ploc
Pode
Prse
Qual
Qubi
Quma
Qupa
Quru
Qush
Qumuh
Tiam
Ulam
Ulru

Acer saccharinum
Acer saccharum
Aesculus glabra
Carya cordiformis
Carya glabra
Carya lacinosa
Carya ovata
Celtis occidentalis
Fagus grandifolia
Fraxinus americana
Fraxinus nigra
Fraxinus pennsylvanica
Fraxinus spp.
Fraxinus quadrangulata
Gleditsia triacanthos
Gymnocladus dioica
Juglans nigra
Liriodenron tulipfera
Platanus occidentalis
Populus deltoides
Prunus serotina
Quercus alba
Quercus bicolor
Quercus macrocarpa
Quercus palustris
Quercus rubra
Quercus shumardii
Quercus muehlenbergii
Tilia americana
Ulmus americana
Ulmus rubra

Silver maple
Sugar Maple
Ohio buckeye
Bitternut hickory
Pignut hickory
Shellbark hickory
Shagbark hickory
Hackberry
Beech
White ash
Black ash
Green ash
White or green
Blue ash
Honey Locust
Kentucky coffeetree
Black walnut
Tulip tree
Sycamore
Cottonwood
Black cherry
White oak
Swamp white oak
Bur oak
Pin oak
Northern red oak
Shumard’s oak
Chinkapin oak
Basswood
American elm
Red/slippery elm
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