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Executive Summary 

Based on detection of Emerald Ash Borer (EAB) in the city of Boulder, the City and County of Denver is 

expecting an outbreak of Emerald Ash Borer soon. The City of Denver funded a proof-of-concept project 

for early detection of Emerald Ash Borer using Unmanned Aerial Systems (UAS) and remote sensing to 

establish a baseline of high resolution spectral imagery, and to develop analytic techniques to detect 

EAB in Denver ash trees.  

This report details the outcomes of this project, including 1) a description of the methods used to 

successfully utilize remote sensing techniques to identify early-onset Emerald Ash Borer, 2) successful 

species identification, and 3) the ability to analyze canopy health from the air. The project team believes 

that this project is the first successful purposeful identification of early-onset EAB in an urban forest via 

remote sensing.   

This report includes detailed appendices of the findings that will allow City staff to assess the results and 

make decisions about additional detection and monitoring efforts going forward.  

 

Introduction 

Emerald Ash Borer (Agrilus planipennis Fairmaire, EAB) has been found in ash trees (Fraxinus spp.) in 

several cities in Boulder County and is expected to spread across Colorado. A proposal was submitted to 

the City and County of Denver seeking funds to perform a proof-of-concept project to create a 

methodology for early detection of EAB infestation using high-resolution remote sensing. To achieve the 

level of spatial and spectral resolution needed to discern subtle variances in tree leaf vegetation, this 

project used Unmanned Aerial Vehicles and a multispectral sensor to image sites in the cities of Boulder 

and Denver.  

This report summarizes the results of the project. This report consists of an: 

1. Overview 

2. Detailed results obtained for early onset detection of EAB 

3. Results for species identification tests 

4. Implications for inventory analyses: a vegetation health tool that correlates well with inventory 

condition class.  

 

Overview 

This project consisted of three phases and included the collective skills of Colorado College (data 

collection), Spectrabotics, LLC (data processing) and ArborDrone, LLC (data analysis). 

PHASE 1.  Baseline EAB Stress Detection.  The study team (“team”) flew spectral data collection 

missions (UAS flights) in three areas in Boulder (Appendix A) to obtain sensor imagery for Fraxinus trees 

in all stages of infestation by Emerald Ash Borer (EAB). These trees were selected after careful scouting 

from the ground prior to the mission.  The team used a five-band multispectral sensor (Figure 1) to 

collect imagery data in five discrete regions of the electromagnetic spectrum (blue, green, red, red-edge, 

and infrared bands).  Multispectral data has been used extensively in the satellite industry for 
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topographic analysis of large landmasses and vegetation 

features.  The technology is relatively new to the UAS industry.  

Colorado College mounted the sensor on a custom-built UAS 

able to fly autonomous collection missions.  These baseline 

collections yielded unintended benefits, including identification 

of several trees that were chemically treated for EAB either 

before infestation or in an early stage of infestation and are 

included in the imagery.  Careful documentation of these trees 

has enabled the team to catalog a variety of conditions for 

future study and inclusion in early EAB detection in Denver.   

Prior to flying missions in Denver neighborhoods, the team flew initial training missions in City Park 

(Appendix A) to determine optimal flight levels, test the ability of Visual Observers to track the aircraft, 

test Vegetation Indices, test image stitching, and to train the Spectrabotics software for species 

identification. While the detection of the EAB was the focus of the baseline imagery analysis, we also 

noticed other stark indications of tree-health such as the difference in Pinus reflectance health between 

City Park and Berkeley Lake Park – the latter uses potable water for irrigation and Pinus health from the 

air is markedly better than in City Park, which uses “gray” water.  

PHASE 2:  Denver Data Collection.  For the Capstone Mission, the team flew UAS spectral (Figure 1) data 

collection missions in Denver’s northwest Berkeley neighborhood (Figure 2), chosen for its large-

diameter trees – including large-diameter Fraxinus – relative species diversity, and grid pattern for ease 

of flight planning (Appendix A).  

In accordance with Federal Aviation 
Administration (FAA) UAS flight safety 
requirements, the team was limited to 
flying only the Public Right of Ways 
(PROW) Figure 2 in the Berkeley 
neighborhood and not over private 
property.  This restriction presented 
several challenges in post-production 
that created gaps in the collection 
coverage over residential areas, mainly 
adjacent to alleyways.  The flight 
altitude was carefully selected to get as 
much coverage as possible despite the 
flight path limitations.  Flying at a 
minimum of 100 meters above ground 
level (AGL) and over the treelawn 
portion of the PROW allowed the team 
to capture imagery in the Berkeley 

neighborhood that spanned from alley to alley. That is, the field of view included not only the PROW 
trees, but the entire parcel to the west and the east, capturing all private property trees as well.  As the 
team improves its automated species identification capability, this will allow urban forest managers to 
precisely monitor and assess EAB in the urban forest. In all, the team collected roughly 1 square 

Figure 1 - Five-band multispectral camera 

 Figure 2 - Denver UAS collection plan 
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kilometer of high-resolution spectral imagery over Denver neighborhoods for analysis; most of this 
imagery has a resolution of 5-6 centimeters per pixel (2-3 inches).  See Appendix A for more detail. 
 
PHASE 3: Data Processing and Spectral 
Analysis.  The underlying technology of 
the analytic processing is the ability to 
measure the level of sunlight reflected 
from tree leaves at extremely high 
resolutions (relative to satellite and 
manned aircraft imagery).  A typical tree 
is comprised of roughly 30,000 pixels in 
the UAS-collected imagery versus 400 
pixels (at best) from manned aircraft 
imagery and 6-10 pixels from satellite 
imagery. Once collected, the high-
resolution images are aligned and 
stitched together to create a mosaic prior 
to analysis.   The team developed five 
distinct analytic workflows that can 
detect tree health characteristics within 
the data using band reflectance values (Figure 3). The team can identify individual tree spectral 
characteristics that form the beginnings of accurate species identification, and – most importantly – the 
team can identify early onset of EAB and delineate three distinct stages of EAB infestation.  
 

Results 

Early Stage Detection of Emerald Ash Borer 

The success of the analytic workflows and baseline imagery from the City of Boulder enabled the team 

to detect early onset infestation of Emerald Ash Borer (EAB).  Based on a high confidence in the data 

analytics, the team did not find EAB in the Berkeley neighborhood.  This section will define the stages of 

onset and describe the characteristics of each stage, 

both in reflectance and visual cues that lead to our 

conclusions for the Berkeley neighborhood.  

Definitions of Stage: For purposes of this and future 

projects, characterizing the degree of onset 

(infestation) of an individual tree using remote 

sensing is broken into three stages: early-, middle-, 

and late-stage onset (Figure 4). These stages 

correspond to the nature of the spectral reflectance 

behavior using our integrated Vegetation Indices (VIs) 

and corresponding visual cues observable on the 

ground and in the high-resolution imagery, which is 

explained in detail below.  

Stages of Emerald Ash Borer 

Infestation 

                                               Phase 1 

Early Stage                           Phase 2 

                                               Phase 3 

Middle Stage:   1-35% Canopy Dieback 

Late Stage:     Greater that 35% Canopy 

                         Dieback 

Figure 4 -  Stages of EAB infestation 

Figure 3  -  Spectral Bands and associated plant compounds 
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• Early Stage is defined as infestation not exhibiting direct canopy dieback and is further broken 

down into Phase 1, Phase 2, and Phase 3 Early Onset (detailed below). 

• Middle Stage is defined as the beginning of canopy dieback likely attributable to EAB, to 

approximately 35% canopy dieback (the point at which the tree may not recover after applying 

chemical treatment). Epicormic shoots are often present, and are more likely to be found with 

increasing canopy dieback. 

• Late Stage is defined as having greater than 35% canopy dieback, but not death of entire 

canopy. 

Definitions of Phase: For purposes of this and future projects, the distinct phases of Early Stage onset 

are defined as follows. Appendix B is dedicated to fully describing early infestation of EAB: 

• Phase 1 Early Onset (P1EO): Visually, very slight yellowing of leaves on a few (most often) upper 

branches accompanied by slight thinning of leaves. In reflectance, slight chlorophyll reduction in 

distinct areas of canopy and slightly lower Leaf Area Index (LAI) in one or more distinct areas of 

canopy. 

• Phase 2 Early Onset (P2EO): Visually, distinct thinning of several to many scaffold limbs and 

noticeable loss of greenness, some yellowing may be found. In reflectance, chlorophyll 

reduction in up to half of the canopy and distinct reduction in LAI in same areas – some of these 

areas on some trees may exhibit ‘fuzziness’ or lack of resolution as reflectance starts to saturate.  

• Phase 3 Early Onset (P3EO): Visually, easily discerned thinning of branches across more than half 

the canopy, but not including canopy dieback (although canopy dieback may be present due to 

other factors), yellowing visible and canopy not the same green as a healthy tree. In reflectance 

saturation makes for a ‘fuzzy’ appearance throughout and large areas of canopy show reduced 

chlorophyll. Anthocyanins may be present. LAI indicators reduced.  

Analysis Outcomes 

Our analysis focused on three measurable characteristics indicative of ash tree health: chlorophyll 

concentrations (greenness), levels of anthocyanin (stress hormone), and the overall leaf area of 

individual tree canopies.  In each stage of EAB infestation these levels vary, indicating the stage of 

EAB infestation (Figure 5).  

Measured Indicators Early Stage Middle Stage Late Stage 

Presence of Chlorophyll High Medium Low 

Presence of Anthocyanin Low Medium High 

Leaf Area Index Value High Medium Low 
                                     (Figure 5 – EAB Stage assessment matrix) 
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Early Stage Phase Characteristics 

Detection of EAB in the early stage of onset is important for management decision-making and action. 

The following sections detail the characteristics of visual and remote sensing cues to assist urban forest 

managers in detection and management of an EAB outbreak.  

Phase 1 Early Onset (P1EO): Detecting EAB in this phase is key to controlling the disease front, as early 
detection gives the best chance for treatment and monitoring. P1EO reflectance characteristics (using a 
multispectral sensor) include slight chlorophyll loss in reflectance, and slight vegetation thinning of 
uppermost branches (lower Leaf Area Index [LAI] values); interestingly, we found little to no increase in 
anthocyanins (stress hormones) in this stage of onset and the team hopes to determine the reason for 
this lack of anthocyanin detection over the winter of 2017-2018.  See Appendix B for complete details 
and imagery.  
 
Visual cues include slight loss of greenness and a few thinning branches at the upper reaches of the 
canopy. The trees in P1EO that the team found in Boulder had no woodpecker damage during the leaf-
on study period, but had fresh woodpecks evident during a winter follow-up visit. The visual 
characteristics of this stage can be very similar to the characteristics of repeated late spring freeze 
damage, especially the damage seen across the Front Range in 2017; however, in reflectance imagery 
freeze damage is also associated with the presence of anthocyanins and is a key indicator for the team 
as identifying the difference between freeze damage and early-stage EAB onset.  Appendix C has a 
section comparing these two conditions. In Boulder, no D-shaped exit holes were found on P1EO trees 
at eye level or during an easy climb. 
 
Phase 1 Early Onset Detection Methods: There are two main methods for early-stage early onset 
detection using remote sensing.  
 
The first and most effective method to detect early onset infestation is an integration of three or more 
Vegetation Indices (VIs) – one index that dampens the background signal, another that highlights the 
thinning of leaves at upper branch tips (Appendix B), and a third detecting slightly reduced chlorophyll.  
 
Dampening the background signal is important in urban areas, as various backgrounds including 
pavement, turf, shrubs such as low-growing juniper and mulch all have different reflectance values and 
can interfere with the reflectance of nearby tree crown vegetation that can create confounding 
reflectance values allowing for misinterpretation – especially for automated processing.  
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The team found detecting reduced chlorophyll and thinning branch tips in the upper canopy (Figure 6) 
important keys to be the very first visual signal that EAB may be present in a tree – although occasionally 
these keys were found in lateral scaffold branches lower in the canopy. Reduced chlorophyll is 
important as early-onset EAB exhibits a slightly less green cast to upper leaves (Appendix B).  Thinning 

branch tips can also be a signal of late 
spring freeze damage (freeze-killed 
buds failing to leaf out), but late freeze 
damage is accompanied by the stress 
hormone anthocyanin). Early-onset 
EAB currently does not show the 
presence of anthocyanin in our 
imagery. The team as of this report is 
working on automating this process 
and expects to be completed by 
Summer 2018. 
 
The second method for detection of 
early onset infestation is to use a single 

VI to detect reduced chlorophyll in Fraxinus (Figure 7) and then compare with a VI that looks for 
increased anthocyanin and rejecting as EAB if anthocyanin is increased (as presence of anthocyanin is 
not indicative of EAB at this time), an extra process step but one that can be automated.  
 
 
 
 
Phase 2 Early Onset (P2EO): 

Phase 2 Early Onset 

characteristics include an 

increase in indicators and area of 

chlorophyll loss, and decrease in 

Leaf Area Index (LAI) of both 

upper branches and some lateral 

branches as well. Canopy 

reflectance is somewhat less 

sharp and contains fewer areas of 

greenness. Visually, reduced 

greenness may be seen in some 

scaffold branches and leaf 

thinning is easier to detect 

(Figure 8). D-shaped exit holes 

are rarely found at eye level/easy 

climbing height. 

Figure 6 - Ash tree branch leaf thinning 

Healthy Green 

 

Less-Green 

 

 

Figure 7 - Reduced "greening" due to loss of chlorophyll 
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Phase 3 Early Onset (P3EO): Phase 3 Early 

Onset is clear, as overall canopy 

reflectance is quite fuzzy, and areas of the 

canopy become relatively indistinguishable 

from background reflectance, especially if 

the tree is located in turf. Very few 

indicators of strong greenness exist at this 

stage in the canopy as well. Visually, a 

majority of the tree’s canopy has thinning 

branches (Figure 8). Occasionally, some D-

shaped exit holes may be found at eye 

level at this phase. 

Middle Stage Onset Characteristics 

Middle Stage Onset is defined as the 

beginning of canopy dieback to 

approximately 35% canopy dieback (the 

point at which the tree may not recover 

using chemical treatment according to 

current practical rules of thumb). 

Epicormic shoots are often present, and 

are more likely to be found with increasing 

canopy dieback. D-shaped exit holes can 

be easily detected at several levels on the main trunk.  

Canopy reflectance is characterized by holes in the canopy, through which background reflectance often 

can be detected, and strong signals from anthocyanin indicators (Figure 9). Quantifying percent canopy 

dieback in this phase with remote sensing is difficult at this time, due to the fact that some background 

EO Phase 1 

EO Phase 2 

EO Phase 3 

Figure 8 - False Color Composite highlighting relative severity of EAB 
impacts 
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reflectance tends to saturate the signal and we have not developed processes to overcome this 

saturation.  Therefore, at this time it is better to use visual indicators to quantify dieback for 

management purposes (such as deciding whether to apply treatment or remove). 

Late Stage Onset Characteristics 

Late Stage Onset is defined as greater than approximately 35% canopy dieback to just a few green 

leaves remaining on the tree. Many tree care professionals consider this stage to be too late for 

effective treatment.  

Canopy reflectance may show strong indicators of anthocyanin in portions of the canopy, and extensive 

areas of canopy dieback through which background reflectance’s are easily detected. Some VIs, 

Figure 10 - Late Stage Onset EAB infestation indicative by canopy dieback. Note the general image saturation within the red circle. 

Figure 9  - Middle Stage Onset Characteristics.  Note the blue areas indicating canopy dieback and thinning leaves and 
orange indications of Anthocyanin 
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interestingly, saturate at this stage (Figure 10), similar to what we found with NDVI (thereby leading us 

to reject the use of NDVI for urban forestry). Seeing as late-phase onset is easily detected visually, at this 

time we see little reason for concern that some VIs have difficulty with the canopy reflectance of trees 

that will soon be slated for removal. 

It is important to note that no trees in the collection area within the City and County of Denver 

exhibited the reflectance characteristics described above. Because of this, the team concludes that 

EAB does not exist within the collection area. Forestry staff should consider increasing the collection 

area for 2018 to ensure EAB does not enter Denver undetected.  

Lastly, the team was unable to compare the reflectance of Fraxinus attacked by Lilac-Ash Borer 

(Podosesia syringae, LAB) and Fraxinus attacked by EAB. The prevalence of large-diameter stems in 

northwest Denver leaves little room for young ash, and the few trees we found with active LAB were 

outside of our collection area. Future missions will include trees with LAB to learn whether LAB can tell 

us anything about EAB.  

Species Identification 

The team can use automation to 

identify approximately a dozen species 

(Figure 11) using the multispectral 

sensor at this time, to varying degrees 

of accuracy. We can segment 

(differentiate from background and 

other trees) almost all trees in a scene, 

and then isolate canopy 

characteristics most likely to give 

consistent results – characteristics 

including consistent lighting, aspect, 

leaf side, not in shadow. Visual 

inspection of 5-band imagery shows 

clear differences between species and 

shows promise for eventual inventory 

use.  

The team can identify approximately 

15 species to between 65-85% 

accuracy at this time. Examples of 

spectral signatures are found in Appendix B and C. 

The team considers these results very encouraging and intends to further refine processes to use in 

future projects going forward.  

 

 

 

Figure 11 -  Tree Species Classification and Identification 
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Tree Health Condition Using Remote Sensing 

During the analysis process to identify species, the team developed a process to assess overall tree 

health condition using spectral band math (performing mathematical calculations using the values of 

each reflectance band) to generate vegetation indices of trees found in the City and County of Denver 

tree inventory (Figure 11).  

The color ramp used in this report to depict tree health condition is set such that red-orange 

corresponds to healthy leaves and yellow/green is less healthy; the higher percentage of orange means 

a healthier tree.   Figure 12 

shows a fairly good correlation 

between Condition Class and 

the amount of red-orange in a 

tree canopy. Subsequent 

ground-truthing of several 

differences in assessment found 

several stressed Quercus – 

either due to drought or due to 

a Quercus robur found to have 

anthracnose. The Q. robur did 

not have corresponding 

indicators for anthocyanins – it 

is currently unknown what the 

physiological reason could be for 

this lack of anthocyanin.  

The team is encouraged by 

these findings and the 

possibilities of real-time 

assessment of urban forest 

health, and encourages the City 

and County of Denver to further 

explore this monitoring and 

inventory opportunity. 

 

 

 

 

 

 

Figure 12 -  Relative tree health assessment 
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Next Steps 

For Emerald Ash Borer 

From what is known at the time of this writing, this project is the first to demonstrate that early 

detection of EAB in the urban forest is possible using remote sensing and UAS. Denver is well-positioned 

to take aggressive steps to combat EAB when it is first detected in the City-County limits and 

demonstrate that extensive loss of ash canopy is not inevitable.  

Knowing that EAB can be detected early via remote sensing, the team recommends that Denver should 

develop a plan to detect when EAB first enters the City and County, and then monitor the disease front 

as it progresses. Denver can leverage both drone-based monitoring as well as impending efforts to 

monitor the urban forest with piloted aircraft to ensure the timeliest data possible. The team has 

extensive experience with coordinating data collects from all aerial and space platforms and can assist 

City staff when needed.  

For Inventory 

The team’s ongoing efforts to refine species identification as well as its ability to assess general tree 

health at several scales allows Denver to supplement the current tree inventory with additional data to 

more closely track the state of urban forest health. For example, questions such as these can be 

answered by a rapid response with aerial remote sensing data: 

• How has the recent drought affected the urban forest overall? 

• Is the health of conifers in parks stable? 

• How many trees were affected by the storm this past spring? 

• What is the rate of decline of the silver maple canopy in the city? 

• Can emerging diseases such as Pine Wilt Nematode be seen from the air? 

• What percentage of trees in X neighborhood have declined since the last inventory? 

• What percentage of trees in declining health have  

The ability to answer these (and other) questions is a valuable option for managing the urban forest. The 

team recommends supplementing the Denver tree inventory with supplemental UAS remote sensing 

data to obtain valuable tree health information at several scales to augment ground-based inventory 

data.  

 

For Disaster Response 

Unmanned Aerial Systems are increasingly being used by emergency management teams to respond to 

disasters – both natural and man-made. The City and County of Denver can use UAS to gather early 

visual information on the extent and scope of adverse weather events in the urban forest. In addition, 

UAS remote sensing data gathered post-event can easily assess the ability of the urban forest (or any of 

the Denver Mountain Parks) to recover from disturbance, and to assess the resilience of the urban 

forest and Mountain Parks. The low-cost, rapid and flexible response capabilities of UAS are well-suited 

for municipal forestry operations. 
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Combined with the unique and forward-thinking EAB management plan that Denver has created and the 

recent efforts to open a United States Forest Service field station in the Denver area, Denver Forestry is 

very well positioned to be a leader in the field. The team looks forward to assisting Denver in efforts to 

combat EAB and other pests and disease in the urban forest.  
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