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Abstract
The unprecedented spread of invasive pest and pathogens, along with climate change and

human activity/development is degrading forest system health. American beech trees are a
LINAYOALI f GNBS aLISOASaA GKI G R2 YA yrginSunbensy G I NA 2
primarily due to diseases such as beech bark disease and beech leaf disease, but also because
of human development in environmentally sensitive forests. To better monitor American beech
(Fagus grandifolighealth and identify severely deteriorated trees, inative technologies

such as Remotely Piloted Aircrafts (RPAS) can be utilized to complement the data collected by
mid-altitude aerial aircrafts and grouAoiased surveys. Existing research has demonstrated the
potential forRPAbased thermographywhichmeasire individual canopy temperature

readingsjo identify trees that are under water stress because of factors such as drought and
foliar, stem and/or root diseaseblowever, whether American beech trees displaying

noticeable signs in decline in health, due to factors such as foliar, stem and/or root diseases,
can be differentiated from trees showing little to no sign in decline is yet to be determined by
RPAborne themal imaging. This paper investigates whether RBe thermal imaging can

be auseful tool to monitor American beech tree health in Southern Ontario forests.

The study was locateat rare Charitable Research Reserv€ambridge, Ontarian
seminaturalized forestsA total of 29 American beech treasross eight different plotaere
included in the sample for the study and were given ahdelel2 T SA G KSNJ a KSI f G K&
G L2 2NE 0L &SR /sBvritydf Keétch biM&iscase @& eritymark deterioration and
limb loss,and canopy coverage estimated as a percentage based on RPA visual inmagery.
Augustof 2020, thermal imagerwas collected on five different days: Augu$t ", 15", 19",
and 26", andin the following yeawas colkected onthree different days: August', 3¢, and
4", Canopy temperatures of each individual beech tresvetrieved, normalized based on air
temperature(canopy temperature depressioapdanalyzed taletermine whether canopy
temperature readingsignificantly differed based on heallével This study found that
increasing Americabeech tree canopy temperatures were not correlated with deteriorating
hedth. Theone-way ANOVA performed for most flights showed that canopy temperature

readings did not significantly change based on the recotdssl healthlevel
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Chapter 1Study Background, Research Objective and Literature Review

1.1. Introduction

The functions and services that forested ecosystems provide are essential for humdoeivgll

and the biodiversityound within Forest ecosystem functions include primary production and
decomposition (Ansink et al., 2008; Brockeffretfal., 2017) and forest ecosystem services
include surface and ground water flow regulation, air and water quality enhancement, soil
stabilization and erosion control, climate regulation and carbon sequestration and many others
(Aust & Blinn, 2004; Foahd Agriculture Organization of the United Nations [FAQ], 2013;
Krieger, 2001; Miura et al., 2015; Nowak et al., 2008). From an economic standpoint, it is
estimated that globally, forest ecosystems provide $4.7 trillion dollars annually in goods and
servecesfor human welbeing (Costanza et al., 1997; Krieger, 2001, p. 3). Given the socio
economic importance of forest ecosystems, any rational decisions made to manage forests

need to be based on objective and reliable data (Corona et al., 2011; @ttate 2016).

However, forest monitoring and management is becoming challenging because of the
increases in the spread and types of invasive pests and pathogens resulting from ongoing
international trade and travel (Aukema et al., 2010; Brockerhofiekhold, 2017; Dash et al.,
2017). Invasive pests and pathogens continue to be the greatest ecological threat facing many
tree species and forests, with an annual estimated economic impact ranging from $7.7 and $20
billion in Canada (Colautti et al., 20Q@vett et al., 2016; Venette, 2017). In Canada, over 80
non-nativeinsects or diseases have been identified since 1882, with several that have become
invasive and highly destructive to forests (Forest Invasive Alien Species, 2015). Some of the
most prominent #ien pests and pathogens in Canada include the emerald ash borer, beech

bark disease, Dutch Elm disease and the Gypsy Moth (Forest Invasive Alien Species, 2015).

With 400,000 hectares of forests lost every year in Canada from pests (Forest Invasive
AlienSpecies, 2015), effective and efficient monitoring and management strategies are vital for
future forest conservation. Monitoring programs and systems are currently in place in Canada

to gather data thatare of national and international concerns relatedftrest sustainability
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(Wulder et al., 2004). The National Forest Inventory is an example of a collaborative initiative
between the federal, provincial, and territorial government agencies that utilizes consistent
standards and procedures to determine trages, land use, dominant species, and volume of
wood (Wulder et al., 2004). Forest health programs have also been implemented in provinces
such as in Ontario, where losigrm environmental monitoring programs sample forests to
determine tree mortality rag¢s, identification of potential stressors, increases or decrease of
tree species abundance and changes in tree size distributions (Credit Valley Conservation,
2017).

Groundbased surveyby professioal field technicians have formed the founda of
forest health monitoringCanadian Council of Forest Minist@&CFM], 2012). Forest surveys of
plots are fulfilled either annually or on a variable basis and the forest health factors monitored
may change each yed€CFM2012; Credit Valley Consation, 20T). The focus of the forest
surveys is to determine dramatic changes in forest composition that arise because of invasive
pests and pathogens. The data retrieved from forest monitoring programs can then lead to
better planning and policy decisions on the fasebeing managed and the surrounding areas
(Ontario Ministry of Northern Development, Natural Resources and Forestry [NDMNRF], 2021;
Wulder et al., 2004). Despite the potential for traditional grotirased survey techniques,
there are challenges associatedth the spatial coverage that can be attained, the consistency
in tree health interpretation and measurements between assessors, and high costs to inventory

large forests (Dash et al., 2017; White et al., 2016).

Technological advancé&smodern remoe sensinge.g., Light Detection and Ranging
(LIiDAR), Remotely Piloted Aircraf®PAs) and satelliteorne and midaltitude laser scanning)
have the potential to complement traditional forest survey methods by providing additional
data to assess forest heal{lCorona, 2016; Dash et al., 2017; Pane@advez et al., 2014;ang
& Shao, 201p RPA technology has advanced in recent years and has become an attractive
complement for researchers and ecosystem managers to gather additiatefor their forest
health and composition surveys (Berie & Burud, 2018). RPAs can be automated to collect data
that is of high spatial resolution at targeted locations over short intervals, which offers users

versatility in forest inventory (Berie & Budt, 2018; Dash et al., 2017; Tang & Shao, 2015).
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RPAs can come equipped wittulti-spectral, hyperspectragnd thermal infrared
camera technology and can be used for different applicat{@asig and Shao, 2019hermal
infrared camera technology desigihéor RPAs is becoming increasingly available for research
and monitoring (Kelly et al., 2019). Thermal infrared technology can provide users with
temperature measurements that can determine water availability of plants. When impacted by
foliar, stem and/e root diseases, plants have shown to be water stressed, leading to lower
transpiration rates and increases in canopy temperature (Smigaj et al., 2019; Jones, 1999).
Many gudieshavenow examined how thermal imageryith remote sensing tools, such as
RPAscan be used to deteghcreases in leaf and canopy temperatirecause opest related
diseasesd.g.,Berni et al., 2009; Gonzak®ugo et al., 201Haisk YR Y dz6 SN} = Hnany T {
al., 2019; Smigaj et al., 2015).

To determine water content and subsequently the effects of pest related diseases,
GKSNXYIf aaiNBaada AYRAOS&: FFNB dzaSR (2 y2NXNIfAI
periods (Smigagt al., 2019). Two prominent thermal stress indices have been used in previous
studies: canopy temperature depression and crop water stress index (CWSI). Canopy
temperature depression normalizes canopy temperature with reference to air temperature and
CWSildintroduces a norwater stressed baseline and a ntlanspiring upper baselire o6 { YA 3| 2
et al., 2019, p. 701). In terms of tree health, the use of thermal imagery and thermal stress
indices have shown promising results in monitoring water stress in aasif@erni et al., 2009;
GonzalezDugo et al., 2012), in identifyingerticilliumwilt in olive trees Calderéret al., 2013)
and in assessing red band needle blighbaotspine trees (Smigaj et al., 2019). However, it is
unknown if American beech trees impacted by beech bark disease and other diseases are

digtinguishable from healthy beech trees using RPAs and thermal imagery.

1.2.Study Overview andesearch Hypothesis

This study investigates whether diseased American beech trees can be distinguished
healthy American beech trees using an RPA equipped with thermal camera technology. The

following hypothesis guides my study:


https://www.sciencedirect.com/science/article/pii/S0378112718316128?casa_token=mwlXJUyk8uAAAAAA:T3tveh4elflvt4zycdhHWt9VOE4xke08iRarmgx5PNXgma5kTfG1QLVJzvptUvXn_4vyg6VNfTg#b0055

Research Hypothesigsmericanbeechtreesthat aredpoor A y & Kv8lildiplagKviarmer
canopytemperature readings thaa &althye Americanbeech trees, regardless of the day

weather conditionsnd site characteristics

This study investigates whether thermal imagery collected by an RPA can detect canopy
temperature increases in American beech trees showing deteriorating health. This research has
been conductedt selected forested sites aare Charitable Research Reserve in Cambridge
Ontaria Data collection occurred between the months of July and September of 2020 and

2021. For accurate analysis of results, data collection was prioritized duriragip@f high net

solar radiation and clear skies. Trees were selected which had their full canopy visible from the
RPA imagery collected. Ttieermal stress indeganopytemperaturedepressionvascalculated

to normalize canopy temperature with reference air temperature (Smigaj et al., 2019).

Canopy temperature depressiaan allow for comparisons between the different hours that
canopy temperature data is collected, as the canopy temperature of trees constantly varies due

to changes in air temgrature and other environmental conditions (Smigaj, et al., 2019

This research can contribute towards advancing the understanding of the potential for
RPAs and thermal imagery technology for more efficient forest monitoring and management.
Whether canopy temperature readings for healthy, fair in health, or poor in health American
beech trees can be distinguished from one another based on the thermal imagery collected
using a RPA, is addressed in this report. Much of the methodology and reseddshftiom the
work of Smigaj et al. (2019), where they compared canopy temperature depression readings to
red band needle blight disease levels of Scots Pine tAddsoughthe study by Smigaj et al.
(2019) was completed on a monocrop pine plantatidms tstudy consists of Americaeech
trees situated in a sermatural forested location. A sermmiatural forest can be challenging to
survey as there are many factors (e.g., water availability, species diversity, elevation, soil type
etc.) that cannot be aatrolled for and may affect théhermal RPAborne data collected.
Therefore, surveying monocrop plantations, where there is less species diversity, water
availability is controlled, and the trees are uniformly planted is preferred and has shown some
succes Bernie et al., 2009Calderon et al., 2033 migaj et al., 2019), however the applicability

of detecting pest and pathogen induced canopy temperature changes in a single tree species
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located in a semnatural forest is less well knowand needs to be studied further. Moreover,

this study relies onata collected over multiple days versus the single day performed by Smigaj
et al. (2019)The decision to collect thermal imagery over multiple days was dsreemethod

of technical replicatiorand to determine what factors may be affecting canopsnperature

readings should the data show varying correlations between health and canopy temperature.

1.3. Literature Review

1.3.1. Forests Monitoring
Forests are an important ecosystem for terrestrial biodiversity, with the majority of amphibian,

bird and mammal species depending on this habitat for survival (FAO and United Nations
Environment Programme [UNEP], 202% et al, 2009), and for society as they provide

significant ecological, economic, and cultural benefits (Brockeroff et al., 201 7aftAONEP,

2020; Ferretti, 1997). However, forest ecosystem health is being challenged by climate change,
invasive pests and pathogg, and human activities/developments (Brandt et al., 2013;
Brockeroff et al., 2017; FAO and UNEP, 2020; Ferretti, 199%;, &wtd-erretti, 2004). To

prevent further forest loss and degradation, forest management and monitoring techniques

must continue to adapt and innovate as local and global conditions continue to change.

Across different political and soeexological langcapes, various strategies,
frameworks, and methods have been utilized to monitor forest ecosystems. In Europe, forest
monitoring programs were implemented under the International Programme on the
Assessment and Monitoring of Air pollution Effects on Rptesginning in 1986 (Lorenz et al.,
2007; Nevalainen et al., 2010). Gradually, however, the scope of monitoring expanded from air
pollution effects to other factors that included the effects of pests and fungal diseases
(Nevalainen et al., 2010). Similgrin the United States, their Forest Health Monitoring Program
began in 1990 to assess forest health and sustainability across all the forested landscape
(Bennett and Tkacz, 2008). The current Forest Health Monitoring Program approach has been
adapted toinclude remote sensing data collection (e.g., vispdctrum opticalmagery), as
well as traditional irsitu field data focused on aspects such as tree species and diameter, forest

type and stand size (Bennett and Tkacz, 2008).



In Canada, forests consist of a large proportiothefterrestrial landscape which
contribute numerous ecosystem services to society (Dyk, Leckie, Tinis and Ortlepp, 2015; Gillis,
Omule and Brierley, 2005). The significance of forests for socialcahoggcal wellbeing led to
0KS RS@St2LIySyd 2F LINRPINIYA &adzOK & /+FylFRIQa
Deforestation Monitoring System and Earth Observation for Sustainable Development of
C2NBaila o0DAfftAA SO I f o3 National pofestindeitdySdé o nnn 0 &
forest characteristics and quantity are collected and compiled every five years by the provinces
YR GSNNAG2NASA Ayid2 + OSyaGnNrf REGFEOF&ASO !'f (K
National Forest Inventory fosed on wood supply and the performance of the lumber/timber
industry, the current framework considers forest health, biodiversity, and forest productivity as

major components (Boutin et al., 2009; Gillis et al., 2005; Gillis, 2001; Wulder, 2004).

Tosuppat/ I Y I RF Q& b (A 2 ythd CadianBduicil df Fo@sS MiditehB
(CCFM), Natural Resources Canada and the Canadian Food Inspection Agency, have developed a
task force to reduce the spread and establishment of invasive pests in Canada GDCEM,

Nienhuis and Wilson, 2018). These parties work to implement a National Forest Pest Strategy to
monitor, perform risk analyses, report results and much more, regarding the management of

invasive forest pests in Canada (CCFM, 2012).

To monitor invasive species spread, the CCFM task force utilizestihude aerial and
ground surveys to identify and quantify invasive forest pests (CCFM, 2012). According to CCFM
OHNAMHU I @& | 280 disinét grathdia®itadrial surveys are condddor 75 biotic and
abiotic forest health factors across Canada 6 LJ® c 0 ® h¥F¥ (GKS addz2NBSeéea dzyR
61% are related to monitoring forest pest populations. The methods used to conduct mid
altitude aerial surveys to monitor forest pests inv@hiloted helicopters and fixed wing
aircrafts, which are usually accompanied by some ground component to verify pest damage
and intensity (CCFM, 2012). The raltitude imagerycollected allows the task force to create
maps using GIS softwaaed can be used to monitor forest health and prevalence of pests
based on defoliation severity (CCFM, 2012). Remote sensing options are being considered for

the future of forest pest monitoring in Canada, though there is a lack of expertise, funding, and



research into how new technologies (e.g., RPASs) can be utilized to current programs (CCFM,
2012; CCFM, 2019).

Ground surveys across Canada include the use of over 14,500 permanent or temporary
monitoring plots (CCFM, 2012). Sampling occurs at these picas @annual or variable basis,
depending on the pest being monitored. Monitoring methods include pheromone traps to
determine adult insect populations (e.g., to monitor eastern spruce budworm), lure
formulations (e.g., to monitor jack pine budworm) and qtifying eggs and larvae on
trees/branches to extrapolate to a given area (CCFM, 2012). Generally, only one or two pests
are monitored at most ground plots and generally only include gypsy moths, eastern spruce
budworm, jack pine budworm and forest tenttegpillar (CCFM, 2012). Forest diseases, such as
stem and root diseases are also being monitored at ground plots, though not as intensively as

pests.

In Ontario, Canada, forest health monitoring is primarily a responsibility of the Ontario

Ministry of Nothern Development, Natural Resources and Forestry (NDMNRF), as most of
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and Wilson, 2018; NDMNRF, 2021). In total, there is approximately 56 million ha of fadest a

14 million ha of treed wetland in Ontario (NDMNRF, 2021). With such large, forested areas,
obtaining accurate data on forest inventory and health is complicated (&lstk 2020). In

2015, the Invasive Species Act was implemented to give additiegialdtive powers to the

province to prevent and control nenative species spread. The Invasive Species Act is the first
independent piece of legislation that focuses solely on invasive species and allows inspectors to
monitor spread and make decisionsdoarantine an area to eradicatespeciedrom anarea
(Nienhuis and Wilson, 2018). Ultimately, collecting kigllity data through monitoring efforts
canincrease decisiomaking capacityvhich can then improve future monitoring methods for

more sustainable forests in Ontario, (Figure 1) (NDMNRF, 2021). Therefore, forest monitoring is
recognized as an important component for future forest management and sustainability in

Ontario.
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Figurel: The adaptive management cycle that guides forest management, monitoring, policy making
and reporting in Ontario (NDMNRF, 2021)

The NDMNRF monitoring program utilizes +altitude aerial mappingbiomonitoring,
pest surveys and permanenthgtablished plots to inventory forests and monitor overall health
(NDMNRF, 2020). The useRi?Aechnology to inventory and monitor forests has played an
increasingly larger role over time in the NDMNRF programs. The use of satellite imagery, GPS
receiversairplanes, Light detection and Ranging (LiIDAR) and other technology is being more
widely used, which is improving-gitu forest inventory and health monitoring (Bilyk et al.,
2020). Other organizations in Ontario that participate in tree and forest manganclude the
Assaociation for Canadian Educational ResouacesConservation Ontario $8ociation for

CanadianEdication Resources 2020; Conservation Ontario, 2018).
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forests, invasive pests and diseasge becoming a greater threat to forest survival and health
(Nienhuis and Wilson, 2018). Tree species such as, buttelaglahs cinecera.), American
beech and American chestnuféstanea dentatfehave significantly reduced in numbers due to
butternut canker, beech bark disease and chestnut blight, respectively (Boland et al., 2012;

NDMNRF, 2020; Nienhuis and Wilson, 2018; Poisson and Ursic, 2013). Although there is a lack



of expertise in remote sesing technologies within the provinces (CCFM, 2012; CCFM, 2019),
exploring the use of new technologies, such as RPAs and thermal infrared detection, may lead
to better forest management. Recent wahnks shown promising results in using RPAs equipped
with thermal camera technology in monitoring restoration progress (Hamberg, 2020),
identifying trees affected by forest pests and pathoge@aEderonet al., 2013 Smigaj et al.,

2019 and recording drought responses of specific tree spg8ekerrer et al., 211).

1.3.2. American Beech

American beechHagus grandifolials unique to North America as it is the only species of the
Faguggenus (Tubbs and Houston, 1990). Although beech trees may have existed over most of
North America before the last glacial period, the beech tree species is now only found on the
eastern side of North America. In Ontario, beech trees are a principal temespthathave
comprisa manyhardwood forestdor centuries(NDMNRF, 2021). The beech tree species can
dominate moist soils and late successional forests or can be well integrated into mixed stands
(McLaughlin and Greifenhagen, 2012). Beech trees are well adapted to alluigahsdi

although slow growing, can attain ages of 400 years (Tubbs and Houston, 1990). In Ontario,
beech trees often reach a maximum age of 250, with a diameter of 80 cm and a height of 27 m
(McLaughlin and Greifenhagen, 2012). Furthermore, beech treesramaportant component

of hardwood forestsas their nuts are a source of nutrition for black bears, deer and rodents.
Beech wood is also used by humans, commonly for flooring and furniture (McLaughlin and

Greifenhagen, 2012; Tubbs and Houston, 1990).

American leech trees have a broad canopy structure and bark that is distinguishably
smooth and light greyFigure2) (NDMNRF, 2021). The native habitat range of American beech
extends as far nortleastas Cape Breton Island, Nova Scotia and as far south as Northern
Florida and the mountains of northeastern Mexico (Tubbs and Houston, 1990). Beech is well
suited to annual precipitation levels between 760 mm to 1270 mm. B&eels grow on
average for 100 to 280 days in a year, and favour temperatures between 4 y & (Tubbss
and Houston, 1990). Beech is also a unique tree species as they use double the amount of
water for transpiration and growth than deciduous trees sasloaks (Tubbs and Houston,
1990).
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Figure2: Ameiican beech leaves are narrow, oval with a pointed tip (a); beech bark is generally
smooth and appearing light bluish grey in colour (b) (NDMNRF, 2021)

1.3.3. Americabeech diseases
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beech bark disease, which is undermining the overall integrity of tfassts. As noted in

sectiof) M®nX a2ZNARy SiG Ffd 6unntOX -fungbsicdnpléxKl 0 a&. SS
involving the beech scale inse@rgptococcus fagisugh)y R 2y S 2F (62 OF y1 SN
Of the two canker fungleonectria faginatas the most significant contributor to beech bark

disease in Ontario (McLaughlin and Greifenhagen, 2012). Beech bark disease has spread

throughout most of eastern North America, with it being officially confirmed in Ontario in 1999.

The disease beginsthithe beech scale feeding on the outer bark of beech trees (Kibbe
Bonello, 2019). The scale diminishes the integrity and growth of the tree and makes it more
susceptible to fungal infection. The feeding of the outer bark of the tree results in the allaps
of the host parenchyma cells which creates small fissures in the bark (Koch, Carey, Mason and
Nelson, 2009). These fissures allow the funigasnectria faginatdo develop and grow as
circular lemonshaped cankers on the tree, which weakens the innek laaud cambium of the
beech treg(Figure3) (Koch et al., 2009; McLaughlin and Greifenhagen, 2012). The infection

usually starts on the lower bole of the tree; however, cankers can encircle the entire surface of
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the bark and extend into the crown. Maturests in the stand are usually targeted first and can

exhibit crown dieback (Koch et al., 2009; McLaughlin and Greifenhagen, 2012).

Some beech trees exhibit resistance to the insect beech scale and do not experience
beech bark disease. However, only 1%reés in North America have shown to be resistant
(Koch et al., 2009; McLaughlin and Greifenhagen, 2012). If identified, the growth of these
disease resistant beech trees can be promoted through dispersal of its seed. If disease resistant
trees are not idetified, other management strategies include culling infected trees and
removing beech tree root sprouts to limit spread. Single tree selection of greatly diseased
beech trees of over 50 years are usually culled, while retaining relatively low impacted tree
The single tree selection strategy could be a solution to improve disease resistance in forest
stands (McLaughlin and Greifenhagen, 2012). Despite these efforts, effective management
strategies for beech dominant forest stands have not been identifredraust continue to be

studied.
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Figure3: Comparison of theuter bark of a relatively intact Americdoeech tree (a) and a
deteriorated Americaibeech tree (b) atare Charitable Research Reserve in Cambridge Ontario;
beech bark disease cankers on the stem of an Amebeech tree (c); andditing bodes on
active beech bark diseased cankers (d) (McLaughtinGreienhagen, 2012)

Furthermore, ®me beech trees in parts of North America aeing affected by new
disease known as beech leafelise Carta et al., 202MiGasparro, 2019; Ewimg al., 2018;
Popkin, 2019)Researchers have been reporting effects of beech leaf disease since it was first

noticed in 2012 in the state of Ohio (Ewing et al., 2018). Early signs of beech leaf disease

12



GHOSEFNJ Fa | RFEN)J] 3INBSYy>s AYGSNBSAYylf o6l yRAYy3
2018, p. 1). Leaves will eventually turn dark and will appear leathery and crumpled. The effects
of beech leaf disease can be noticed as soon as bud break, leadesgcekers such as Ewing et

al. (2018), to believe that the disease progresses through the buds. As the disease progresses
through the years, affected buds will begin to be aborted, resulting in limited foliage to be
produced and leading to tree mortalitf{gving et al., 2018). Early studies suggest that a
nematode specied,itylenchus crenataés the primary cause of beech leaf disease (Carta et al.,
2020). No effective control measures have been identified yet, though continually monitoring
for the disease, limiting the movement of firewood, and identifying disease resistant trees
could lead tdfuture success in limiting beech leaf disease spread (DiGasparro, 2019, Ewing et
al., 2018).

1.3.4. Thermodynamics
The structure of forest ecosystems is complex (Holling 2001; Kay, 2000; Kuuluvainenini2009).

particular, e dynamics of fords areafunction of positive and negative feedback loops which
create a selbrganizing system (Meadows, 2008; Kay, Regier, Boyle and Francis, 1999; Kay,
2000; Kuuluvainen, 2009urthermore, forests arepen systerswhich procesglows of high
guality energy €xergy) to obtain order from disordeB(zustowskandGolem 1976;Kay et al.,
1999; Kay, 2000; Kuuluvainen, 2009; Schneider and Kaya;19&drddinger, 1944Recause of
the complexity inherent to forests ecosystems, monitoring tools and methods nekd teell

adapted to how these systems change for better management and policy development.

Tomonitor ecosystems, the laws of thermodynamics must first be understobe first
law of thermodynamics stasthat energy cannot be created or desywed and that in a closed
system, total energy remains unchanged through transformation processes (Schneider and Kay,
1994b). Over time, the quantity of energy remains unchanged in a closed syg&tthe
quality of the energy (i.e., exergy) may changewever the first law applieglifferently to
open systemsvhereby the energy still cannot be createddestroyed but can be exchanged
with the surrounding environment and systeni$e second law of thermodynamics statkat
physical or chemical processin the system will degrade the quality of the energy available

(Schneider and Kay, 1994 Howeverppen systems, such as forest ecosystems, are open to
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energy flows and are moved away from equilibrium across time and space. Systems like forests
maintain structure byexchangingenergyand/or matter with the outside worldndcan be

classified as neequilibrium systemsKay, 1999Schneider and Kay, 19894 A non-equilibrium
system can exist in local states that are not at thermodynamic equilibrium by increasing

entropy of the larger system it resides in (Kay, 1999). However, these open systems tend to
return to an equilibrium state and often tend to resist being moved from equilibrium (Kay,

1999). Therefore, monitoring and managing ecosystems such as a forest is a challenge as
ecosystem change can be rapid and understanding what state the system widjectais

difficult to predict.

1.3.5. Energy Budget and Leaf Energy Balance

Many biotic and abiotic factors can affect leaf and canopy energy balances. The avheatar
radiation received in each region on Earth plays a major factor in what vegetation can thrive.
Overall, he solar radiation received by the Earth equates to about 342 watts per square metre
(Wm?), with about 168 W6 SA y 3 | 6 & 2 ND SsBrfade and 6 7-\8rab8drbRdibi Q

the atmosphere (Bonan, 200Zonversely,K S 9 NI KQ&a & dzNgBflloy®ave Y A G a
radiation which is mostly absorbed by the atmosphere (350 % with the remainder

escaping to space. The radiation from the atmaosghis emitted in all direction with

approximately 195 Wribeing lost to space. As a result, the net radiation absorbed by the

Earthis approximatelygero.

Although net radiation equals zero, the distribution of radiation is unequal. Latitudes
near thetropics absorb more radiation than the poles. The difference in distribution of
radiation, results in a temperature gradient from low latitudes to high latitudes (Bonan, 2002).
Therefore, low latitudes are much warmer than higher latitudes as more radi&iabsorbed
near the equator and less at the poles. However, radiation is not the sole factor determining
temperature of a region. The uneven distribution of incoming solar radiation effects air
pressure, which produces winds that carries heat from ttapregions to polar regions (Bonan,

2002).
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At the canopy level, leaf energy balance is affediganany biological factors, including
transpiration rates, leaf structure and size, canopy structure and much more (Still et al., 2019).
Each of these factors can have significant effects on leaf energy exchange and can cause
significant fluctuations irelaf temperature (Ehleringer et al., 1976; Smith and Carter, 1988).
G¢KS ySi NI RALI {Ang ¥6 afunctioh of &bSorb@&dzdldr shortiveye radmtionv
6{2Z AY 2kYHU FTYR (GKS ySi 2F I 0a2NDbSRStltyR SYA
et al., 2019, p. 4). Sensible and latent heat exchanges balances leaf net radiation. As sensible
heat increases, latent heat decreases to balance net radiation of a leaf, and vice versa (Fuchs,
1989; Still et al., 2019). The equation for the energy balaheeleaf is

4
Rpet = aSWi, +8!R(me) - ZEIRJ(TIeaf)

where SW represents the reflected and scattered shortwave radiation absorbed from the leaf
from both sidesh is the leaf absorptivity of SW radiation (0.6), W Ilongwave radiation from
the sky and surrounding leaves and branches is absorbed by both sides of the leaviess

the leaf absorptivity of LW radiation (0.96) which is equal to its emissivity g The LW
radiation emitted by the leaf where A & U Bdhizmfann Sofidtayft

(5.67xmn B Y Y b Hi(Nolkeh 2009; Still et al., 2019, p. 4).

However, plant canopies are much more complex than single leaves, as they comprise
of the soil, branches, bark, stems and more of the entire plant (Campbell and Norntdn p20
230). The dentation and inclination of the branches and leaves that make up the canopy can
influence the temperatures produced by the leaves (Fuchs, 1989). Therefore, the dynamics of
canopy temperature are affected by the individual leaf energy exchange with thesatmere

and the architecture of the canopy itself (Still et al., 2019).

1.3.6. Canopy Temperature as an Indicator of plant health
Current research utilizing canopy temperature to evaluate plant health because of factors such

as disease and drought Y& been studied and have mostly shown significant correlations (e.g.,
Berni et al., 2009Calderon et al., 2013; lizuka et al., 2018; Ludovisi et al., 8361idaj et al.,
2019). However, extensive research early in physics and technology were the preasons

why canopy temperature is seen as an indicator of plant health today (Moran, 2004). Notably,
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using canopy temperature as an indicator of ecosystem and plant health was recognized when
Monteith and Szeicz (196Rjentified that canopy temperature & function of energy balance
components. Before the work by Monteith and Szeicz (1962), research was either focused on
the relationship of evaporation and energy balance or leaf and canopy temperatures (Moran,
2004).

Understanding and calculating potentivaporation from single leaves and vegetation
canopies was pioneered by many such as Bowen (1926), Penman (1948; 1953), Monteith (1965)
and Rijtema (1965). The theoretical work on evaporation by such authors was adopted by
hydrologists, irrigation spediats, and agriculturalists (Moran, 2004). Work on evaporation led
to research by Vidal and DevaRos (1995) which identified the importance of canopy
evapotranspiration as a key metric in determining plant water status and the ability of the plant
to effectively exchange energy. Hatfield (1997) also identified that phater relations are
important to understand for plant health as water deficits can lead to reduced growth and

impaired photosynthesis and respiration.

The rate of transpiration can befatted by multiple factors, such as solar radiation,
humidity, and wind speed (Bonan, 2002). Systems that are exposed to high solar radiation, dry
air conditions and high winds will experience greater transpiration rates (Bonan, 2002). Other
factors that @n affect transpiration rate include, soil type and associated hydraulic properties
(e.g., conductivity) and vegetation type (e.g., stomatal conductance). Generally, woody plants
will have a lower stomatal conductance, whereas natural herbaceous and lagnatylants
will have higher conductance (Bonan, 2002; Kelliher et al., 308%er 1995). However,
measuring evaporation experimentally with equipment such as weighing lysimeters, portable
assimilation chambers and remote sensing techniques is linaisetthey can only determine
point values of evaporation, which makes research that cover large areas challenging (Moran,

2004).

Transpiration plays a vital role in determining plant temperature and for monitoring
ecosystem health at thcanopy scaleEarl studies showed that temperatures of plants would

generally be cooler than air temperature (e.g., Asari and Loomis, 1959; Eaton and Belden, 1929;
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Miller and Saunders, 1923; Waggoner and Shaw, 1952). However, Gates (1964) was one of the
first to identify that transpiration played a role in energy budget of plants and the temperatures
recorded. The work by Gates (1964), led to the understanding that vegetation temperature was
inversely correlated with transpiration rate and stomatal conductaftaechs, 1990Fuchs and
Tanner, 1966HernandezClemente et al., 201M0dller et al., 2006 Smigagt al,, 2017. As a

result, remote sensing tools have now began utilizing thermal infrared sensors to collect leaf
and canopytemperature measurements as research identified a link between transpiration and

temperature (Monteith and Szeigz1962; Moran, 2004).

When plants are under water stress by disease or infection, transpiration rates are
reducedbecause of stomatal closurehichincreases leaf temperature and reduces
photosynthetic activity GonzaleZDugo, Moran, MateoandBryant, 2006; Smigaj et al., 2017
Smigaj et al., 20)9Using vegetation temperature in this case can be an indicator of vegetation
health. With the curent successes in identifying disease spread and impacts of drought on tree
species (e.g.,dderdnet al. 2013 Smigaj et al., 201Scherrer et al., 201 Twidwell et al.,

2016), ecosystem managers and governments may look to include RPAs with themaed ca

technology in forest monitoring strategies.

1.3.7. Remotely Piloted Aircrafts and Thermal Infrared Cameras

In terms of forest monitoringnd managementremote sensing anBPAechnologycan

becone an attractivecomplement tomid-altitude aerial and satellitdbased datgTang and
Shao, 2015). Remote sensing technologies began to significantly advance in the 1980s and
1990sfollowingthe launch of theirst Landsat satellitén 1972 The Landsat program has been
popularfor forestry sectoras ecosystem managers can have access to images that cover large
areas, year after yedifang and Shao, 201%8)singRPAtechnology isalsobecoming a popular
tool among ecosystem managersiasanallow for more timely data collection as well as
opportunities for new natural resource management applications (Tang and Shao, RPL).
can berelatively low cost and come equipped with high resolution remote sensargerasthat
can gather data on forest agposition, growthand much more. They caisobe programmed

to fly autonomously by users for consistent data collec{iBarie and Burud, 2018).
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RPA can be used for many applicatiodespending on what they can carfjheycan be
mounted with multispectral, hyperspectral, and thermal cameras, audio monitoring devices,
liquid sprayers, GPS devices and much nfdesng and Shao, 2015%Yithin ecological
restoration and ecosystem monitoring, RA¥avebeen applied in Wdlife andfreshwater
habitat studies(Sandbrook, 2015), evaluating ecological restoration progfidamberg, 2020)
identifying diseased treesnd others (Smigaj et al., 20L9n terms ofirectly supporting
restoration andconservation practicesRPAs can be used to deliver seeds foegbrestoration
projects, monitor illegal deforestation activities and identify illegal hunting practices
(Sandbrook, 2015).

Moreover, thermal infrared camera technology designed for RPAs is becoming
increasingly available for research and ecosystem toang (Kelly et al., 2019). Thermal
infrared technology can provide users with temperature measurements that can determine
water stress and evapotranspiration levels in vegetation, soil moisture and much more.
Thermal infrared cameras measure radiationthia 813 um wavelengths (Campbell and
Norman, 200, p. 20). However, cameras can cost $15,000 or more, depending on resolution
and accuracy of radiometric calibration (Kelly et al., 2019). Cheaper thermal cameras are also
usually not radiometricalbzalbrated, which means that they can only be used to compare
relative temperature differences represented in raw digital numi&mslly et al., 2019). For
crossimage comparison, data normalization or radiometric correction is required as weather

conditions can change rapidly, which can alter the canopy temperatures recorded.

Thermal cameras that have radiometric calibration built in can still have a low
temperature accuracy af5aC. The thermal camera sensors that are made for RPAs usually have
their sensor (focal plane array) composed of uncooled microbolometers (Kelly et al., 2019;
Olbrycht, Wiecek and De Mey, 2012). An uncooled microbolometer is a common type of
infrared radiation detector that is relatively low cost and simple. However, therma] diifiich
FNE GFNAFOES 2FFasSit akKAFTia Ay (GKS YAONROG2 2YS
radiation energy readings (Olbrycht et al., 2012). As a resultundormity correction of the
thermal signal is required to harmonize the signal resgmof the focal pane arrdyy taking an
AYEF3IS 2F (GKS aKdzZiiSNE ¢gKAOK Aa | aadzySR G2 oS
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(Kelly et al., 2019; Olbrycht et al., 2012). Yet, Kelley et al. (2019), note that during actual flight
time, the nonuniformity correction can be inaccurate as the exterior of the camera is more
exposed to wind. These factors and others such as changes in ambient temperatures, humidity
and object emissivity can affect temperature measurements of uncooled infrared canimertas t

must be corrected for.

Nonetheless, uncooled thermal cameras have been successfully utdizedtpare the
spatial and temporal variations in canopy temperature of tre@sr(i et al., 2009; Gonzalez
Dugo et al., 2012 migaj et al., 2019). In terms of beech bark disease, the only current effective
method at identifying the disease is throughsitu visual inspection of each individual beech
tree. The use of RPAs and miniaturized thermal infrared cameras may become a new strategy at
identifying diseased beech trees at greater scales, as only relative temperatures between

healthy and sick treeseed to be compared.

1.3.8. Thermal Stress Indices

Using thermal imagery and stress indices as a method to investigate the effect of water
stress or disease on vegetation surface temperatures is becoming more common pfagice
Berni et al., 2009Calderoret al., 2013PinedaBarénandPérezBuenqg 2021; Smigaj et al.,
2019; Still et al., 2019k0or example, research has utilized thermal stress indices to measure
canopy temperature increases anchardtrees under watestress (Ballester et al., 2013; Berni
et al., 2009; Gonzald2ugo et al., 2012Dther studies have used remote thermal sensing
methods to identify different land cover types and the effect of heating and cooling on peatland
forest (lizuka et al., 2018nd to demonstrate the potential of restoring temperate wooded
ecosystems to lower daytime surface temperatures (Hamberg, 2020). With regards to more
naturalized forested areas, studies have shown some success with utilizing thermal stress
indices. To detemine drought tolerance in a forested stand, Scherrer et al. (2011) used canopy
temperature depression for their analysis and recorded significant differences in temperatures
of different trees. With regards to using thermal imagery to determine diseasesdn, Smigaj
et al. (2019), found statistically significant correlations between red band needle blight and
canopy temperature depression. Bernie et al. (2009), used the crop water stress index (CWSI) to
measure the effect of different water treatmentmlive trees These remote sensing studies
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indicate that thermal infrared cameras could complemensitu methods that evaluate plant

stress and healthGonzalezDugoet al., 2006, Moran, 2004).

As mentioned previously, plant temperature is also aéddy a variety of other
environmental variables such as air temperature, wind and soil moisture. Depending on the
type of study, a certain thermal stress index is utilized which provides a relative measure of
plant health by normalizing canopy temperagureadings by a certain standard (Leinonen et al.,
2006; Moran, 2004Pineda et al, 2021). The most used indices include the CWSI and canopy
temperature depression. The CWSI measures the relative transpiration rate at a given point in
time to normalize agast other environmental effectdso et al., 1981; Jackson et al., 1981).
According to Pineda et al. (2021), the CNE f A @ baBeyinest (Fnopyb airlvet as the
estimated difference for a weilatered plant, and (TGopyb airfiry fOr a dry (nortranspiring)
plantt 0 Cadapytanperature depression is another common thermal stress index that can
be used which normalizes canopy temperature to air terapare (Smigaj et al., 2019). Many
other stress indices have been used which have obtained scientific acceptance and those
include the stress degree day, the maximum temperature difference, and the water deficit
index (Idso et al., 1977; Jackson et al.,7494ndenthal et al., 2004; Moran et al., 1994; Moran,
2004).

With regards to studies utilizing RPAs equipped with thermal imaging technology, the
literature available at the time of writing is becoming increasingly common. Those that have
used RPAwith thermal infrared imaging cameras have focused on monitoring water stress in
orchards and monoculture tree plantations (Berni et al., 2009; lizuka et al., 2018; Ludovisi et al.,
2017), identifying the effects of disease in orchards and monocultuestpéantations
(Calderon et al., 2013; Smigaj et al., 2019), determining the effect of ecological restoration on
surface temperature readings (Hamberg, 2020) and analyzing drought tolerance in a mixed
deciduous forest stand (Scherrer et al., 2011). Howether methods used, and flight

campaigns conducted by these researchers varied.

Table 1 details some relevant literature that have investigated the potentiaP# and

thermal imaging technology to study how changes in vegetation health or ecosystertuse
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impactedcanopytemperature readings. The type of species or ecosystem being stugiadd:
somestudiesexamined the effect of a specific treatment on surface temperature chahge
olive trees(Bernie et al., 2000and experimentally restored giis (Hamberg, 202 others
investigated the impact of an invasive pest or pathogenrea canopytemperature change
(Calderdn et al., 2013Bmigaj et al., 2019); and some investigated how drougiddvisi et al.,
2017 Scherrer et al., 2011) argpatiotemporal changes (lizuka et al., 2018) effected
temperature reading®f trees Depending on the study and RPA technology available at the
time, the number of RPA flights undertaken varied. Most notably, Bernie et al. (2009), only
completed one RPAidIht campaign for their study, whereas Hamberg (2020), completed five
RPA campaigns in July of 2019 and four in September of Zot@ach flight campaign,
Hamberg (2020) took images twice per hour at 12, 2, 4 and 8pm. This differencets fligh
conducted between Hamberg (2020) and the others could have been a result of a variety of
factors; however, the study from Hamberg, required relatively more images to determine the
effects of ecosystem change from restoration over time and to confirnttmesistency of the
data collected. Studies by Bernie et al. (2009) 8ndgaj et al(2019 required less image
collection and flights as conclusions on surface temperature variations between subjects could
be determined in a shorter time frame. Lastlptmll studies utilized a thermal stress index
(Hamberg, 2020; lizuka et al., 2018), however those that did, studied the effects of drought
(Bernie et al., 2009; Ludovisi et al., 2017; Scherrer et al., 2011), or path&@pddserpn et al.,
2013 Smigaj etl., 2019)pn canopy temperature change.

21



Tablel: Sudies that have investigated the use of RPAs and thermal camera technology on ieegeltet number of flights
conducted and the thermal stress index that was used

Sample size/observation Number Thermal Stress

Authors Species/ecosystem studied  area of flights Index Used
Visualizing thé&Spatiotemporal Trends of
lizuka et al., Thermal Characteristics in a Peatland Monoculture Tree Plantation Four
2018 Plantation Forest in Indonesia: Pilot Test of Northern Wattle (Acacia The size of the study site wa flights in
Using Unmanned Aerial Systems (UASs crassicarpa) about two acres two days Not applicable
Highresolution airborne hyperspectral 10 Crop Water
and thermal imagery for early detection ¢ flights Stress Index an(
Calderon et Verticillium wilt of olive using A total of 25 trees; each over Canopy
al 2013 fluorescence, temperature and narrew  Olive treeqOlea europaed given a halth rating on a three Temperature
" band spectral indices OPd W! Nb Sl dzA y I scale of 0to 4. years Depression
: Mapping canopy conductance and CWS A e @ 108. izEs, UiEEs
Bernie et al., ; . . . were categorized based on
olive orchards using high resolution . X
2009 thermal remote sensing imagery the Trees (Olea europaea L one ofthe three drip- _ Qne Crop Water
OPd W! ND SIj dzA vy z irrigation treatments applied. flight Stress Index
Ludovisi et ~ RPABased Thermal Imaging fbiigh Two separate water Two Stress
al. 2017 Throughput Field Phenotyping of Black treatments on a population  flights in  Susceptibility
K Poplar Response to Drought Black poplar®opulus nigrd)  of 4603 trees. one day Index
Canopy temperature from an Unmanned
Smigaj et al., Aerial Vehicle as an indicator of tree stre Sx Canopy
2 associated with red band needle blight Monoculture tree plantation of A total of 60 trees in a flights in Temperature
2019 X L '
severity Scots pineFinus sylvestrjs 1200m”2 area one day Depression
98
flights
Hamberg, The effect of ecosystem change, A total of 20experimentally  across
restoration, and plant diversity on Experimental restored plots of restored plots and 35 control nine Not directly
2020 . : -
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Applications of thermography in forests have been limited because of thedsualution
imagery captured by satellites (Smigaj et al., 2019). Airborne piloted aircrafts have been used to
gather higher resolution datdnowever,it is expensive and time restted (Smigaj et al., 2019).
Fortunately, RPAs that can gather high spatial resolution data are becoming more inexpensive
and more accessible. Much of the literature reviewed here has proven the potential of thermal
imagery and thermal stress indices terdify diseased and water stressed vegetation. Research
continues to expand with novel work by Hamberg (2020), which shows the potential of this
method to investigate the effects of ecological restoration and reorganization on surface
temperature readingsHowever, with regards to the monitoring of invasive pests and disease
spread in forests, more research is needed. Furthermore, the majority of RPA and thermal
imagerybased research has investigated the effects of pests and disease in monocrop
plantations(Calderon et al., 2013migaj et al., 20)9rather than in more naturalized forest
settings. Other forest pests and diseases, such as the emerald ash borer, hemlock woolly
adelgid and beech bark disease, and the effects on surface temperature changes have not yet

been studied using RPAs and thetnmaaging technology.

Revolutionizing forest pest and disease monitoring requires additional research on the
potential of RPA and thermal imaging technology. In Canada, remote sensing options are being
considered, though there is still a lack of guidannehe potential for RPA and thermal camera
technology to monitor the numerous pest and disease spread in various tree species (CCFM,
2012; CCFM, 2019). With the spread of invasive forest pests and disease not slowing, evaluating
the success of RPAs witiermal camera technology for monitoring is needed. This shudlgls
on the research reviewed in this chapter to investigate the use of RPAs and thermography to
determine the relationship of American beech tree health and canopy temperaturesdsion.

The results gathered from this studgnguide the NDMNRF and the CCFM on whether RPAs
equipped with thermal camera technology may be a useful tool for monitoring American beech

tree health in Canada.
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Chapter 2Study Design, Results and Conclusions

2.1. Methodology

2.1.1 Conceptual Framework
RPAborne thermal imagerganassist ecosystem managers in identifying diseased and

dying trees Americanbeech trees é&ke in incoming shortwave radiation from the sun for
photosynthesis. This energyusedprimarily for transpiration andio regulate the internal
temperature of the tregHoffmann et al., 2016; Smigaj et al., 2019).study the effect of
deteriorating healthan RPAvas usedo compare how the canopy temperature of healthy
beech trees differ to diseased beech tre€enerally, when vegetation has been under water
stress by factors such as drought and pegtstation, transpiration rates will be reduced dn
will increase leaf temperaturéonzalezDugoet al.,2006; Smigaj et al., 2018migaj et al.,
2019).Americanbeech tree health wsrecorded using a health ranking system developed by
Griffin et al. (2003). Canopy temperature depressi@swealalated, which normalizé canopy
temperature readings to air temperature for the analysis (Smigaj et al., 20490p§
temperature depression wakien compared against tree health using scatter plots, ANOVA and
post-hoc tests.The analyss showed whether canopy temperatures for beech trees
characterized as healthy differ significantly in comparison to those characteriZaa aad

poor in candition. The results from this study can inform ecosystem managers and
conservationists on the potential of this methodology to better detect diseased American
beech trees and to improve forest managemenhe framework for this study design is

depicted in Figurd.

24



UAV thermal

|:| imagery data Input thermal
% y collection |magery data
— Q — '
-

Process thermal imagery

and extract canopy

’ . temperature data of
individual trees

Outgoing long-

wave radiation

Canopy
temperature

Analyze data and compare
canopy temperature of

Incoming short- trees

wave radiation
Map and inform

ecosystem managers of
deteriorating trees

Tree with little to
no sign of
deterioration

Tree deteriorating
in health

B

Figure4: Conceptual framework of tree health monitoring using RPA and thermal infrared
technology

2.1.2. Study Site

This study was located ithe rare Charitable Research ResemeCambridge, Ontari@igureb).
Therare Charitable Research Reserve is an urban land trust and environmental institute that is
managed by staff and volunteers, and is funded through grants, individual donations, and
foundations. Staff and volunteers mage and maintain ove365 hectare®f sensitive

landscape such as woodlands, meadows, marshes, and swamps. The plots established in this
study were located in the Cliffs and Alvars, which is classified as a{daptd deciduous

forest, and the Ancient Woodsyhich is classified as a Sugar MaPlek deciduous forest
(Woodcock et al., 2020) (Figusg The Cliffs and Alvars forest contain a variety of trees species,
shrubs, and wildflowers on a limestone plain, that is directly adjacent to the Grand River;
whereas the Ancient Woodsombinesa deciduouamixed swamp and an olgrowth upland

forest, consisting of red and white oaks, pine, and beech trees (Fyure

Within the research reserveight sampling plots with Americdeech trees were

established in this study. In the summer of 2020, plots one to four were set up, consisting of a
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total of 20 beech trees (Figufg. In the following year, an additional four plots were

established increasing the total number of beech trees sampled and analyzed to 29. Seven
plots were established in the Cliffs of Alvars for@sgure 5k, whereas only one was

established in the Ancient Woods (Figéa. Each of the eight plots were established using an
adaptive cluster sampling approacAn adaptive cluster sampling approach was used to
maximize the number of Americdieech trees sampled for this study. Most of the trees in

plots two and three consisted of only beech trees whereas the other plots consistedpdé,

cherry, birch and oak as well. Additionally, the approach used to create the plots aimed to
include an even distribution of healthy and diseased trees to better understand the relationship

of canopy temperature with Americdreech tree health.

Orignally, two plots were established in the Ancient Woods in the summer of 2020
(Figureba), but plot five had to be removed from the study as identifying the beech trees in the
RPAmagery proved difficultFurthermore, plot eight, which was set up ireteummer of 2021
(Figurebb), originally consisted of five sampled beech trees; however, only one tree was
identified in theRPAmagery which was used in the final analySlsveral factors led to the
exclusion of plot five and the four beetiees in plot eight: the beech trees were not the
dominant canopy cover and the full canopy could not be identified in the final imagery; the
surrounding trees were similar in height to the sampled beech trees yet only portions of the
tree canopy could beisible in the final imagery; and some of the sampled beech trees could
not be accurately delineated as the canopy layer was densely compacted with vatheus

tree species.
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2.1.3. Canopy Temperature and Weather Data Acquisition

ADJI Matrice 200 Series RPAequipped withthe DJI Zenmuse X§2nbal and camera
housing systemvas used for this studyA FLIR Tau 2 radiometrically calibrated uncooled micro
bolometerthermal cameravas usedo collect canopy temperatureneasurementsThe
thermal camera hda 640 x 512esolution, 3Chertzframe rate a 13millimeter wide-angle
focal lengthand a 45 x 33field-of -view. The thermal camera operaden the single7.513.5
micrometer (um) spectral band, haa pixel pitch of 1idm and a noise equivalent temperature
difference of <50nillikelvin In addition,the Zenmuse XTRasfitted with an optical camera
operating in thevisualspectrum allowing for visual imagery to be captured simultaneously
with the thermal imagerySimultaneous visual imagery collection was beneficil afowed

for the images capturetb be directly comparedvith the thermal imagenand to accurately
delineateindividual tree canopies the imageryTheRPA was flown atrelative altitude of80
meters above the takeoff location. The size of thexglsfrom the thermal images collected

was approximately 41cnt.

Since detection of disease severity in woody plant®Byhas only recently been
considered, few studies have indicated the numbeR&Acampaigns required for accurate
analysis of dataBased on recent literaturd&RPAflights completed per study ranged from just
one to over 9QBerni et al., 2009; Calderat al., 2013Hamberg, 2020jzuka et al., 2018
Ludovisi et al., 201 B8migaj et k, 2019).The aim for this study was to complete as many flights
as possible taletermine the relationship of CTD and Americ@ech tree healthln Augusif
2020, thermal imagerwas collectedit Rare Charitable Research Reserve, overddterent
plots containing a total of 20niquetrees. Thermal data was retrieved on five different days:
August 8, 7", 18", 19", and 2@". Inthe following yeayan additional four plots were added to
the study and brought the total number of treeampled to 29Thermal imagery was collected

over eight different plots in 2021rathree different days:August 29, 39, and 4".

For this study, thé&kPAwas flownat two different timesduring the dayto coincide
closely with solar noarDepending on cloud cover, wind speeds and other weather conditions,

flights generally occurred between ti@urs 0f1230-1330 and the at 1330;1430. Smigaj et al.
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(2017),indicatedthat thermal imagery should be captured when solar radiation levels and
ambient temperaturess greatest, as evaporative demand is theorized to be at a maximum.
Capturing imagery when these levels are greatest is ideal as this will maximize the temgeratur
differences seen between tree canopies (Simgaj et al., 2&E2)lights for this study were
completed on days with varying weather conditions, though most days consisted of relatively
little cloud cover, high temperatures and low win¢towever, m Augist 28", 2020,only one

flight between 12301330was completed due tthe onset of inclement weather later in the
afternoon Similarly, on August"2at 13361430, the cloud conditions rapidly changed during
the flight, which affected the temperature reawjs, and had to be excluded from the final
analysisAir temperaturemeasurements were extracted from a meteorological weather station
at the Region of Waterloo Airpontvhich was located approximate8/9 kms away from the

site.

2.14. American Beech Tree Healttierpretation

One of the most prominent diseases impacting Amerioaech trees in North Americalgech
bark disease (BBD). Most of the trees sampilethis studyeither showcurrent infection or
previous indications of infgion from BBDBeech bark diseasmn be separated intthree
distinctphases1) beech scale infestatior2) pimple development an@) Nectriafungicankers.
Initially, the beech scale insect will create small feeding wounds into the bark of the tree. This
scale insct is only mobilevhen it is acrawler, which is the immature stage of its life cyatel

the first phase of BBMcLaughlin and Greifenhagen, 2Q1Rollowing thenfestationstage,

the crawlers will develop into its adutbrm and willsubsequenthbe @ 3SNBER Ay | G g KA (
or pimples on the outer bark of the tre&his second phase of the disease can be present on
the tree for 210 years before the last phadegins whichs where theNeonectriafungus
infectiondevelops irthe feeding wounds of theéeech scaleThe development of cankers is the
last phase andan be characterizedsddead spots that will manifest on the main stem and
branchesof the tree Fruiting bodies of the fungus, also knowrpasithecig will alsodevelop

on thecankers in the late summer and fall. These fruiting bodies will enlarge the size of the

canker and further diminish the vigor of the tré@ymptoms of this disease is wide ranging but
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can generally lead to outer bark loss, limb loss, reduced foliage ingper canopy and severe

bark crackingMcLaughlin and Greifenhagen, 2012

To determine whether a beech treehgalthyor declining in healtha visual inspection
of the tree was performedif the treewasdeclining in healthvarious characteristicwere
noted: the phaseof BBDwas identified(i.e.,beech scale infestation, pimple development and
Neonectriacankers) andhe percent that it coveredour metersup the main tree stenfrom
the bottomwas recorded based on visual observatiestimates wee taken on the number of
dead and decaying middle and upper branches of the;tbeek crackinfyirdlingwas estimated
up to about 1215 meters of themain stem from the bottom; and canopy coverage was
estimated as a percentage based®RRAvisualimagery By evaluating the various health
characteristics of each sampled beech tradnealthlevelwas giveron a scale betweef-3, as
represented in Figur6. This ranking systemvasadopted from Griffin et al(2003) which

guides thisresearch on evaluating Americéeech tree health

Leastevere Level 0 - Very Little or no sign of either causal agent

Level 1 - Cryptococcus present; bark beginning to crack; tree
still shows vigor. Canopy at least 75% intact.

Level 2 - Bark heavily cracked; significant cankering from
Nectria colonies; some crown damage or limb
loss. Canopy 25-75% intact.

Level 3 - Bark severely cracked; large girdling cankers;
significant crown loss or snag. Canopy <25%
intact.

Most Severe

Figure6: Ranking of BBD level adopted from Griffin et al., 2003

Treesthat were given a health ranking in 2020 were revaluated again in DRIentify
any significant changes from the treeM treesexcept for two trees in plot vere adjusted to
I G[2608F Y1 AYALEBENEYA A[KSOD y2LR LIS NBR f
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year ofRPAdata collection (Figuré) (Griffin et al., 2003). This change was applied in the data

analysis for thd&RPAdata collected in 20210f the 29 identified trees for this study, six were
IAPSY 1 NFYAStyd 602yaARSNBERR NAYGA$HI GRQRAYaXREN
GCFANEOD | yR NEYWIAydA] 9@2aA RSNERA @Sy 0f 22[NEDSE b

ranking in this study.

Figure7: The two trees which had their healéweladjusted from [ S Q St m¢
uz2 af SYSt HE AY HAHM 600 |a UKS OF

2.15. Data processing and Statistical Analysis
The software used tperformthe dataprocessing and analysisasfLIR Rermal Studio and R
Studia To delineate individual tree canopies from one another, thermal imagpes overlaid
on to thecorrespondingvisual images to identifthe beech tree canopies. To avoid
temperature influence from understory vegetation, a buffeasused to exclude canopy edges
of the tree. Smigaj et al. (2019), used a buffer of at léastpixelsfor the tree canopywhich
wasapplied here Once treesvere delineated, average temperatures of the canopresre
extracted Ganopy temperature depressignvhich normalizes canopy temperature with
reference to air temperaturewascalculated for each tree by performing the calculatiegoby

¢ Tair (Smigaj et al.2019). Since this study is investigating relative temperature differences in
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canopies, absolute temperature readingere not necessary for this studyJsing ttese data,

the relationship between canopy temperature abeech tree health was identified.

2.16.Delineating Beech Tree Canopies
Beech tree canopies were delineated manuaigng theFlir Thermal Studio softwareovoid

edge effects aneffects from understory vegetatigrranopy temperature data was extracted
from areas that were fully covered by leaves and away from canopy esges a buffer of at
least two pixels (Smigaj et al., 201Buring each flight campaigwo pictures were taken over
each plot with approximately a orminute gapbetween each picture that was captured over
the same plotimages that were taken over the same plot, during the same flight hour of the
same daywere extracted and averaged before analyamssa method of technicaéplication
Many of the more diseased trees had several gaps in their tree canopies, along with dead

branches. To get an accurate sense of the canopy temperature of theltieegaps and dead

Figure8: An example of how canopy temperature measurements of each tree were extre
The outlines in black indicate an individual Americaech tree canopy. Bluots are
displayed where temperatures are coolest and red dots displayed where tempeateires
warmest on each canopy
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