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Abstract: Effective forest management, particularly during forest disturbance events, requires timely 
and accurate monitoring information at appropriate spatial scales. In Hawai‘i, widespread ‘ohi‘a ¯
(Metrosideros polymorpha Gaud.) mortality associated with introduced fungal pathogens affects forest 
stands across the archipelago, further impacting native ecosystems already under threat from invasive 
species. Here, we share results from an integrated monitoring program based on high resolution 
(<5 cm) aerial imagery, feld sampling, and confrmatory laboratory testing to detect and monitor 
‘ohi‘a ¯ mortality at the individual tree level across four representative sites on Hawai‘i island. We 
developed a custom imaging system for helicopter operations to map thousands of hectares (ha) per 
fight, a more useful scale than the ten to hundreds of ha typically covered using small, unoccupied 
aerial systems. Based on collected imagery, we developed a rating system of canopy condition to 
identify ‘ohi‘a ¯ trees suspected of infection by the fungal pathogens responsible for rapid ‘ohi‘a ¯ death 
(ROD); we used this system to quickly generate and share suspect tree candidate locations with 
partner agencies to rapidly detect new mortality outbreaks and prioritize feld sampling efforts. 
In three of the four sites, 98% of laboratory samples collected from suspect trees assigned a high 
confdence rating (n = 50) and 89% of those assigned a medium confdence rating (n = 117) returned 
positive detections for the fungal pathogens responsible for ROD. The fourth site, which has a history 
of unexplained ‘ohi‘a ¯ mortality, exhibited much lower positive detection rates: only 6% of sampled 
trees assigned a high confdence rating (n = 16) and 0% of the sampled suspect trees assigned a 
medium confdence rating (n = 20) were found to be positive for the pathogen. The disparity in 
positive detection rates across study sites illustrates challenges to defnitively determine the cause of 
‘ohi‘a ¯ mortality from aerial imagery alone. Spatial patterns of ROD-associated ‘ohi‘a ¯ mortality were 
strongly affected by ungulate presence or absence as measured by the density of suspected ROD 
trees in fenced (i.e., ungulate-free) and unfenced (i.e., ungulate present) areas. Suspected ROD tree 
densities in neighboring areas containing ungulates were two to 69 times greater than those found in 
ungulate-free zones. In one study site, a fence line breach occurred during the study period, and feral 
ungulates entered an area that was previously ungulate-free. Following the breach, suspect ROD 
tree densities in this area rose from 0.02 to 2.78 suspect trees/ha, highlighting the need for ungulate 
control to protect ‘ohi‘a ¯ stands from Ceratocystis-induced mortality and repeat monitoring to detect 
forest changes and resource threats. 

Keywords: Hawai‘i; Metrosideros polymorpha; Ceratocystis lukuohia; remote sensing; helicopter; visi-
ble imagery 
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1. Introduction 

Land managers, perennially faced with diffcult choices, need to make informed 
decisions regarding deployment of limited resources, access rights for public and livestock, 
and long-term strategies relating to climate change, development pressures, invasive 
species, and other issues [1–4]. Effective forest management requires access to current 
and accurate monitoring data, particularly in the midst of disturbance events such as 
wildfres or sudden mortality outbreaks [5–8]. Remote sensing imagery can play an 
important role in forestry decision-making, as long as acquired data are cost-effective 
and exhibit suffcient spatial and spectral resolution to detect phenomena of interest at 
appropriate geographic coverages and currencies [9–11]. High-resolution remote sensing 
imagery is widely used in mapping tree mortality associated with insect and disease 
disturbances [12,13]. Here, we present results from an integrated method to monitor 
and test forest health at the individual-tree level in regions of interest on Hawai‘i island 
which experienced widespread native forest declines since 2010 associated with ‘ohi‘a ¯
(Metrosideros polymorpha Gaudich.) mortality characterized as rapid ‘ohi‘a ¯ death [14,15]. 
This approach included multi-platform remote sensing in conjunction with feld sampling 
and confrmatory laboratory testing to characterize new ROD outbreaks and illustrate the 
importance of fencing, feral ungulate removal, and felling of infected trees in suppressing 
‘ohi‘a mortality levels acr¯ oss affected regions. 

Rapid ‘ Ohi‘a Death ¯

A newly identifed fungal disease, commonly referred to as “rapid ‘ohi‘a ¯ death” or 
“ROD”, was confrmed on the Hawaiian islands of Kaua‘i, O‘ahu, Maui, and Hawai‘i. ROD 
killed hundreds of thousands of mature ‘ohi‘a ¯ trees (Metrosideros polymorpha) in forests and 
residential areas throughout Hawaii, where it affected an estimated 130,000 ha through 2020, 
the majority (97,000 ha) occurring on Hawai‘i island (B. Tucker, personal communication). 
‘Ohi‘a ¯ is a foundational keystone species in Hawaiian native forests and provides critical 
habitat, ecosystem services, and medicinal products and is deeply ingrained in Hawaiian 
history and culture [16–18]. It is a slow-growing, broad leaf evergreen tree; fowering is 
most abundant after seasonal rains but may occur at any point throughout the year [16]. 
ROD is characterized by rapid visual symptom development in affected tree crowns [19–21]. 
The causal agent of ROD was originally identifed as Ceratocystis fmbriata s.lat. based on 
pathogenicity and sequence homology [15]. A combination of phylogenetics, morphology, 
biological species concepts, pathogenicity tests, and microsatellite analyses was used to 
characterize isolates collected from diseased ohia trees showing typical symptoms of ROD 
across Hawai‘i island, and two novel species were named and described [19]. Although the 
pathogens cause two different diseases, typical symptoms include black-colored staining 
of sapwood and rapid crown wilting, resulting in death of the tree [14]. C. lukuohia 
I. Barnes, T.C. Harr. & L.M. Keith is the more aggressive of the two newly described 
Ceratocystis species, which spreads throughout the entire tree and kills it in as little as two 
months [14]. C. lukuohia is found on Hawai‘i island and Kaua‘i [19,22] and accounts for 
nearly 80% of the widespread mortality (B. Tucker, personal communication). C. huliohia I. 
Barnes, T.C. Harr. & L.M. Keith forms discrete cankers around entry points, suggesting 
that multiple infections of C. huliohia may be required to kill a mature tree (Juzwik et al. 
in preparation). Land managers across Hawai‘i prioritized management of the more 
aggressive C. lukuohia pathogen. 

Symptomatic trees on Hawai‘i island were successfully mapped on an island-wide 
basis via imaging spectroscopy [20,23,24]. In addition, semi-annual digital mobile sketch 
mapping helicopter (DMSM) fights were used to produce point and polygon estimates of 
areas exhibiting active mortality on the basis of visible crown symptoms [25]. Although 
these large-scale mapping efforts are invaluable in determining the broader spatial extent of 
‘ohi‘a ¯ mortality across Hawai‘i island, their utility for quickly and precisely mapping new 
outbreaks at an individual tree level is limited by the infrequency of imaging spectroscopy 
fights and the extensive post-processing required as well as the semi-quantitative nature 
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of DMSM fights. An additional challenge is posed by the need for ground-sampling of 
suspect trees, which is required to defnitively determine the cause of mortality and is 
limited in these mapping efforts. ROD, particularly when caused by C. lukuohia, results in 
mortality and desiccation of the remaining tree snags. If substantial time passes between 
detection of the suspect tree and sampling by ground crews, or if the detected tree is already 
in the late stages of the disease, desiccation may challenge efforts to obtain a sample for 
confrmatory laboratory analysis and avoid a false-negative result. 

2. Materials and Methods 
2.1. Study Site Locations 

Study sites were distributed across the island of Hawai‘i (Figure 1) and consisted of 
‘ohi‘a-dominated ¯ native forests representing different elevation, rainfall, and environmental 
characteristics (Table 1). All sites included both fenced (ungulate-free) and unfenced (ungu-
late present) areas. Three of the sites, ‘ Ola‘a, ¯ Thurston, and Kahuku, were primarily located 
inside fenced units managed by Hawai‘i Volcanoes National Park. The Laupahoehoe ¯ Forest 
Reserve (LFR) site is managed by the State of Hawai‘i Department of Land and Natural 
Resources; it is largely unfenced except for a small number of exclosures ranging in size 
from 0.1–3.5 ha within the study area. Ungulates, including cattle (Bos taurus), goats (Capra 
hircus), sheep (Ovis aries), moufon (O. gmelini musimon), and pigs (Sus scrofa), are found 
across the island of Hawai‘i, and each is a known agent of forest disturbance [26]. Because 
Hawaiian ecosystems evolved without pressures from ungulates and other large mammals, 
these animals are believed to disrupt succession and alter disturbance regimes [27] and are 
also suspected of spreading ROD through wounding and other mechanisms. 

Figure 1. Study site locations on Hawai‘i island and fence lines. 
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The LFR is a wet tropical forest located along the Ham¯ akua ¯ coast of eastern Hawai‘i
island with a forest overstory dominated by the native trees, M. polymorpha, Acacia koa, or 
both, and a subcanopy dominated by native tree ferns in the genus Cibotium and other 
native and non-native small stature trees and shrubs [28,29]. ROD was frst confrmed in 
the LFR in November 2016 through laboratory testing of a sample from a single symp-
tomatic ‘ohi‘a ¯ tree. The ‘ Ola‘a ¯ Forest Unit of Hawai‘i Volcanoes National Park consists of 
two adjacent tracts of montane rain forest that were partitioned into a number of fenced 
units beginning in 1981 [30]; these tracts are focal sites for management activities includ-
ing ungulate removal, invasive plant control, and rare plant restoration. ROD was frst 
confrmed in the ‘ Ola‘a ¯ Forest Koa unit in February 2019. The Thurston unit of Hawai‘i 
Volcanoes National Park is located to the east of Kı̄lauea Iki crater and contains some of 
the most heavily visited roads and trails in the National Park as well as some of the most 
intact native forests in Hawai‘i. ROD was frst confrmed in the Thurston unit in April 2018, 
though ‘ohi‘a ¯ trees exhibiting similar symptoms were observed in the area prior to this 
date. Vegetation at both the ‘ Ola‘a ¯ and the Thurston sites consists of a native-dominated 
open overstory canopy of M. polymorpha forest with occasional A. koa and a subcanopy 
dominated by native tree ferns or other native trees and ferns. The fourth site, the Kahuku 
Paddocks Unit of Hawai‘i Volcanoes National Park, was a working cattle ranch prior 
to being acquired by the National Park Service in 2003. The upper paddock area was 
fenced off in 2012, above which moufon and pigs were removed and controlled. The 
upper paddock was considered to be ungulate-free in 2015. The lower paddock system 
was fenced off in 2017 and considered ungulate-free in June 2021 (Jon Faford, personal 
communication). Though both units are considered ungulate free, occasional ingress of 
feral moufon or pigs from neighboring Kau Forest Reserve may occur either following 
windstorms or other localized events resulting in breaches. These animals are removed as 
soon as they are found. ROD was frst confrmed in the Kahuku Unit in June 2016, and the 
vast majority of confrmed cases were located in the lower paddock area. Vegetation at the 
Kahuku site consists of a mesic woodland with an open overstory canopy of M. polymorpha 
and an understory dominated by introduced non-native grasses. The unfenced area to the 
east is the Ka‘u Forest Reserve, a state-managed property that supports a high density of 
pigs and some moufon. 

Table 1. Environmental parameters of the four study sites [31–33]. 

LFR ‘ Ōla‘a Thurston Kahuku 

Elevation (m) 730–1350 1150–1350 1100–1150 700–1250 

Mean Annual Rainfall 
(mm) 2800–4700 2800–4300 2400–2900 1100–1650 

Substrate Age (years) 5000–64,000 5000–11,000 500–3000 1500–5000 

Vegetation Hawai‘i Montane 
Rainforest 

Hawai‘i Lowland/ 
Hawai‘i Montane 

Rainforest 

Hawai‘i 
Montane-Subalpine 

Mesic Forest 

Hawai‘i Lowland 
Mesic Forest 

Mean Annual Air 
Temperature 13 ◦C 15 ◦C 15.5 ◦C 18 ◦C 

Mean Annual Relative 
Humidity 0.80 0.85 0.85 0.86 

Average Windspeed (m/s) 2.8 2.5 3.0 3.8 

2.2. Remote Sensing Platforms and Imaging Campaigns 

As part of a regular monitoring program for the four study sites, imaging fight 
operations involving small unmanned aerial systems (sUAS) and manned helicopters were 
conducted on a semi-regular basis (Figure 2). Coverage areas generally expanded over 
time with the adoption of the helicopter-based system. 
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Figure 2. Timeline of sUAS and helicopter imagery included in this study for the four sites. 

2.2.1. sUAS Operations 

sUAS operations were conducted with Inspire 2 or Matrice 200 (DJI Inc., Shenzhen, 
China) platforms carrying a Zenmuse X5S RGB camera (CMOS, 4/3”, 20.8 MP) (Figure 3). 
Images were collected in .jpg format from a fight altitude between 110 m–120 m and at an 
average forward speed of 10–13 m per second. A tablet-based Map Pilot mission planning 
iOS software (Drones Made Easy, San Diego, CA, USA) was used for all fights. Both 
forward and side image overlap percentages were set between 75%–80%, and ISO, f-stop, 
and exposure time were set to “auto” in the Map Pilot software. All sUAS operations were 
conducted by fully licensed pilots following Federal Aviation Administration regulations 
and all federal and state landowner requirements and permission conditions. 

Figure 3. (Top left and right panel) Custom imaging payload developed for Hughes 500 helicopter mapping operations in 
Hawai‘i. (Bottom left) sUAS platform used for mapping operations. 

2.2.2. Manned Helicopter Imaging Operations 

During January 2019 to December 2020, manned helicopter imaging operations were 
conducted with a Hughes 500 MD369C carrying a custom imaging payload developed by 
the UH Hilo Spatial Data Analysis & Visualization (SDAV) Research laboratory in partner-
ship with the National Park Service, Volcano Helicopters, and R&R Machining and Welding 
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in Hilo, Hawai‘i. The payload consisted of a GPS-enabled inertial measurement unit (GNSS-
IMU) to provide accurate positional information and an array of consumer-grade cameras 
(Figure 3). These were mounted to an aluminum frame attached to the helicopter via a 
cargo hook as a Class B jettisonable external load (Figure 3). Four padded arms were used 
to brace and level the platform. The system was reviewed by regional inspectors from 
the U.S. Department of the Interior Offce of Aviation Services and determined to be an 
approved and appropriate confguration for these fight operations. 

The modular camera confguration included up to four Nikon D850 DSLR cameras 
(FX-format full frame CMOS, 45.7 MP), one of which was modifed to an infrared sensor 
(MaxMax, Inc., Carlstadt, NJ, USA) to discriminate ROD-affected reddish-brown canopies 
from backgrounds of red colored soils. Images were collected with a 35 mm lens, an 
exposure time of 1/2000 to 1/3200, an f-stop of 4 to 5.6, and the ISO set to “auto”. A 
GNSS-IMU (POS AVX 210, Applanix Corporation, Richmond Hill, ON, Canada) with an 
external antenna provided camera orientation and GPS position information recorded to 
the DSLR camera photograph metadata. The DSLR cameras and the GNSS-IMU unit were 
isolated from vibration by a double-layer of 1.27 cm thick Sorbothane Duro 50 material 
(Sorbothane Inc., Kent, OH, USA). The camera confguration also included three GPS-
enabled “action” cameras (GoPro Inc., San Mateo, CA, USA) with auto settings used to 
generate lower resolution orthomosaics of the fight coverage area. The cameras were set 
to collect photographs via internal intervalometers set to 1 s. 

Helicopter mapping fights were typically conducted at 225–275 m above ground 
level (agl) with an average forward speed of 30 m/s, resulting in an average image GSD 
of 3 cm and swath width of 370 m for a single nadir DSLR camera. Flight lines were 
fown manually, guided by a set of pre-determined transects visible on a GPS-enabled 
touchscreen device. 

2.3. Suspect Tree Detection and Confdence Rating 

Following each imaging fight, trained and experienced human analysts identifed 
suspect trees from original individual geotagged images and derived orthomosaics created 
via structure-from-motion (SfM) software Pix4D Mapper Pro (v4.5, Zurich, Switzerland) 
using standard settings. A set of reference photographs of confrmed ROD trees exhibiting 
various stages of canopy condition were used to assist with identifcation. A numeric 
system based on species identifcation and canopy condition was developed to provide 
confdence ratings (i.e., high, medium, or low) for individual trees suspected of ROD 
based on high resolution sUAS and helicopter RGB imagery (Figure 4). ‘ Ohi‘a ¯ is the 
dominant tree species in our study areas; it is generally readily identifable, but shade and 
image blur can occasionally challenge species identifcation. Suspect trees designated as 
high confdence targets were determined to be ‘ohi‘a ¯ trees exhibiting full reddish-brown 
canopies. Geographic coordinates of the center point of each suspect tree were determined 
from the orthomosaics. 
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Figure 4. (Top) Examples of late-stage ROD canopy conditions as observed from aerial imagery, (Middle) Factors used to 
determine ROD confdence rating scores (Bottom). 

2.4. Determination of Spatial Densities of Suspect ROD Trees 

Suspect tree densities were determined for fenced and unfenced areas within each 
survey date using the generated suspect ROD tree point data, the surveyed area, and a 
GIS fencing layer for Hawai‘i island provided by the Hawai‘i Division of Forestry and 
Wildlife and updated by the Rapid ‘ Ohi‘a ¯ Death Data Manager (Brian Tucker, personal 
communication). For the May 2020 LFR helicopter survey, we determined the unfenced 
suspect point density for a core ROD infested area of 550 ha rather than the full 2600 ha 
coverage, which included pasture and other agricultural areas. The fenced area for the 
LFR was composed of multiple small exclosures that collectively amounted to 7.3 ha. 
Unfenced areas for the other three sites were the continuous imaged areas bordering the 
fenced-in units. 

2.5. Sampling and Laboratory Analyses 

Following image processing, suspect tree confdence ratings and positional coordinates 
were generated for each site. These data were provided to feld crews experienced with 
ROD sampling protocols in the form of GIS layers uploaded to handheld GPS devices along 
with corresponding aerial photos with the targets clearly marked. Confdence ratings and 
geographic coordinates of the identifed trees along with any site-specifc considerations 
were used to prioritize sampling efforts. Time between imagery collection and delivery 
of suspect points to feld crews at the four sites ranged from 8 days (LFR) to 36 days 
(‘ Ola‘a). ¯ Immediately following feld sample collection, samples were delivered to the 
USDA Agricultural Research Service, Pacifc Basic Agricultural Research Center (USDA 
ARS PBARC) in Hilo for testing via qPCR assay of sapwood shavings [34]. 

Together, our methods provide a time-series sequence of suspect tree points for each 
of the four study sites, with associated confdence levels from the areas covered by our 
imaging platforms. The imaged area increased over time for those sites where we initially 
relied on sUAS imagery alone and/or where we decided to expand the imaged area based 
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on results from the prior fight. For the most recent imaging campaign included in this 
study, sampled points along with their confdence ratings are also shown. Not every 
suspect tree identifed via aerial imagery was visited and sampled. 

3. Results 
3.1. Laupahoehoe For¯ est Reserve (LFR) 

The LFR site was the largest and the most extensively sampled of the four sites 
included in this study (Figure 5). Following discovery of the initial infected tree in 2016, the 
number of suspect trees within the sUAS-monitored area remained very low and relatively 
stable until late 2019, at which point there was an increase in the number of trees expressing 
characteristic symptoms and positive laboratory samples; fve trees were confrmed as 
infected with C. lukuohia in 2019 (B. Buckley, personal communication). The number of 
observed suspect trees increased further by April 2020, leading to additional sUAS fights 
that expanded the regular survey area from 60 ha to 260 ha, followed by a more extensive 
2600 ha helicopter survey the following month (Figure 5). On the basis of that May 2020 
survey, 675 suspect ROD trees were detected, with two located within 7.3 ha of LFR fenced 
exclosure areas. Samples collected from May 2020 helicopter surveys (n = 99) returned 
C. lukuohia detection rates of 88% and 100%, respectively, for a subset of medium and 
high confdence trees, while 46% of the samples collected from low confdence trees tested 
positive for C. lukuohia (Table 2). 

Figure 5. (Left) Time-series sequence of suspect trees for the LFR. (Right) Sampled trees and corresponding laboratory 
results; non-sampled suspect trees appear as semi-transparent background points. 
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Table 2. Laboratory results for suspect trees sampled across the four study sites grouped by confdence ratings. 

LFR (n = 99) Ola’a (n = 56) Thurston (n = 36) Kahuku (n = 55) 
Results Low Medium High Medium High Medium High Low Medium High 

C. lukuohia 16 43 15 24 28 0 1 4 31 5 
C. huliohia 0 0 0 0 0 0 0 1 6 1 

ND 19 6 0 4 0 20 15 3 3 1 
% Positive 46% 88% 100% 86% 100% 0% 6% 63% 93% 83% 

3.2. ‘Ola‘a T¯ ract 

We employed the helicopter imaging system to survey the ‘ Ola‘a ¯ tract of Hawai‘i 
Volcanoes National Park in January 2019 and again in August 2020 (Figure 6). The January 
2019 survey (550 ha) covered the southeastern corner of the Koa Unit and portions of 
the surrounding unfenced forest. Results revealed a strong fence line signal with much 
higher densities of suspect trees in the outer unfenced area where ungulates were present 
(1.14 suspect trees/ha) compared to within the fenced Koa Unit (0.02 suspect trees/ha). Six 
sampled trees located within the Koa Unit detected from the 2019 survey tested positive for 
C. lukuohia. Our surveyed area more than doubled in August 2020 to 1200 ha. Following 
that survey, we observed a much higher density of suspect trees within the Koa Unit (i.e., 
2.78 suspect trees/ha). Of the 56 sampled trees following the 2020 survey, 86% of the 
medium confdence trees and 100% of the high confdence suspect trees tested positive for 
C. lukuohia (Table 2). Four non-detections were collected from medium confdence suspect 
trees located in the northern Pu‘u Unit. 

Figure 6. (Left) Time-series sequence of suspect trees for the ‘ Ola‘a tract ¯ of Hawai‘i Volcanoes National Park. (Right) Sam-
pled trees and corresponding laboratory results; non-sampled suspect trees appear as semi-transparent background points. 

3.3. Kahuku Unit 

Portions of the Kahuku Paddocks Unit of Hawai‘i Volcanoes National Park were 
surveyed between 2018 and 2020 (Figure 7). In November 2018, 110 ha were mapped 
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via sUAS fights, and a number of suspect trees were identifed and tested positive for C. 
lukuohia. The survey area was expanded to ~1650 ha with helicopter fights in 2019 and 
2020. Samples collected from suspect trees identifed following the two helicopter surveys 
in 2020 (n = 55) resulted in detection rates of 93% for medium confdence trees and 83% 
for high confdence trees (Table 2). The Kahuku Unit was the only site where C. huliohia 
was detected. Within the fenced-in Kahuku Unit, the density of suspect trees decreased 
from 0.06 to 0.03 suspect trees/ha between 2019 and 2020. In the unfenced area to the east, 
suspect tree densities increased over this same period from 0.34 to 2.42 suspect trees/ha. 

Figure 7. (Left) Time-series sequence of suspect trees for a portion of the Kahuku Unit of Hawai‘i Volcanoes National 
Park. (Right) Sampled trees and corresponding laboratory results; non-sampled suspect trees appear as semi-transparent 
background points. 

3.4. Thurston Unit 

Three hundred ha of the Thurston Unit of Hawai‘i Volcanoes National Park were 
surveyed in December 2020 via the helicopter imaging system (Figure 8). Within the fenced 
section of the park captured in the survey, we identifed 130 suspect trees, and we sampled 
and tested a subset of medium and high confdence trees (n = 56). Of those, 0% of the 
medium confdence trees and 6% of the high confdence suspect trees tested positive for 
C. lukuohia (Table 2). These detection rates were signifcantly lower than those of the other 
three sites. Within the fenced-in survey area, the density of suspect trees was 0.70 trees/ha. 
Outside of the park boundary to the northeast, a dense band of 114 suspect trees was 
observed running along the boundary of the survey area (2.00 suspect trees/ha), but these 
were not tested. 
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Figure 8. (Left) Suspect trees for the Thurston tract of Hawai‘i Volcanoes National Park. (Right) Sampled trees and 
corresponding laboratory results; non-sampled suspect trees appear as semi-transparent background points. 

3.5. Ungulate Presence and ROD-Related ‘ Ohi‘a Mortality ¯

Across all four study sites, imagery revealed a strong fence line signal with higher 
densities of ‘ohi‘a ¯ mortality and suspect trees in unfenced (ungulate-present) compared to 
fenced (ungulate-free) areas (Figure 9). Suspect ROD tree densities were 2.2 times higher in 
unfenced areas in the 5/2020 LFR imagery, 53.7 times higher in the 01/2019 ‘ Ola‘a ¯ (Koa 
unit) imagery, 69.2 times higher in the 12/2020 Kahuku imagery, and 2.8 times higher in 
the 12/2020 Thurston imagery. The exception was the 08/2020 survey of the ‘ Ola‘a ¯ tract 
of Hawai‘i Volcanoes National Park where the fenced Koa Unit had a mortality density 
1.5 times higher than in the surrounding imaged unfenced area. 

Figure 9. Observed ‘ohi‘a mortality ¯ densities for fenced and unfenced areas for the four study sites. 
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4. Discussion 
4.1. Confdence Ratings and Laboratory Sample Results 

Sampled suspect trees identifed from high resolution aerial imagery across all four 
sites (n = 246) exhibited positive detection rates of 76% (high confdence), 76% (medium 
confdence), and 49% (low confdence), respectively. These overall detection rates were 
suppressed by results from the Thurston site, where only 6% of the high confdence trees 
(one out of 16) and 0% of the medium confdence trees (0 out of 20) returned positive ROD 
test results. The cause of death for these ‘ohi‘a ¯ trees remains undetermined. Unexplained 
‘ohi‘a ¯ mortality in Hawai‘i Volcanoes National Park was observed for some time from 
ground-based observations (Davis, 1947), and within Thurston specifcally, there were 
repeated ROD sampling campaigns dating back to 2015 with very few confrmed cases 
(two out of 91 total sampled trees). There is no broader pattern of mortality in this area 
affecting other tree or shrub species that might point to volcanic gas emissions or some 
other environmental condition, but unexplained tree mortality is more widespread in 
adjacent lower elevation and drier environments in the park, likely due to environmental 
and pathogenic causes. Previous studies of ‘ohi‘a ¯ mortality unrelated to ROD, including the 
1970s ‘ohi‘a ¯ dieback, found that substrate age and type along with elevation and rainfall 
were related to spatial patterns of mortality as part of a natural canopy development 
sequence [17,35–37]. Fire, insects, and drought are other known stressors that can contribute 
to ‘ohi‘a mortality [¯ 36,38–40]. 

For the other three sites in this study, high confdence trees (n = 50) exhibited 98% 
positive detection rates, and medium confdence trees (n = 117) exhibited 89% positive 
detection rates (Table 2). The disparity in positive detection rates between Thurston and 
the other three sites is of great interest. It highlights the diffculty in determining the cause 
of ‘ohi‘a ¯ mortality from remotely sensed imagery alone, even when using multispectral 
or hyperspectral data [23,24], especially since symptoms of ROD can be confused with 
symptoms of drought [21]. Other fungal pathogens affecting forests worldwide, including 
ash dieback, myrtle rust, and oak wilt, were successfully detected via multispectral and 
hyperspectral imagery, though misclassifcation with drought can occur, and early detection 
remains a challenge [41–44]. 

Our results show that helicopter surveys using consumer-grade RGB cameras are 
an effective and rapid means of detecting ‘ohi‘a ¯ mortality at a landscape level (1000 s of 
ha) across lowland, montane, and subalpine Hawaiian forests but cannot be defnitively 
used to determine cause of death. High-resolution RGB imagery was used in other studies 
to identify forest tree species [45,46], and detect bark beetle damage in fr trees in Rus-
sia [47] without requiring the considerable calibration and processing required for more 
sophisticated sensors [48]. Although our image analysis for this study was based on photo 
interpretation by trained human analysts, we are developing a convolutional neural net-
work (CNN) to automate and improve this process [49]. This should greatly reduce the time 
and the labor needed to detect suspect trees and allow us to provide coordinates of suspect 
points to feld crews within hours of a fight rather than the 8–36 days reported here. 

The rapid temporal crown changes associated with ROD provides one means to 
confdently identify ROD affected trees from a time series of high-resolution visible im-
agery. However, in order to properly capture the mortality phenomenon, appropriate 
imaging return intervals on the order of weeks or months, rather than years, may be 
needed. In this case, satellite imagery may be effectively employed to provide the needed 
temporal resolution to detect rapid changes as in the U.S. Forest Service’s Operational 
Remote Sensing program for detecting forest disturbances across the conterminous United 
States [50]. Sentinel-2, World-View, and other satellite systems are extensively used to 
monitor forest health around the world [51–54], and CubeSat satellites such as the Planet 
Labs constellation now generate near-daily three meter spatial resolution imagery. Planet 
Labs data are used to capture forest fowering events [55] and disturbance events from 
fres to tornados [56,57], but sub-meter spatial resolution imagery is still needed to conf-
dently monitor individual trees, and persistent cloud cover can be an issue. A revealing 
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example of this is in East Kaua‘i, where there are multi-year gaps in the availability of 
cloud-free World-View satellite imagery. In March 2021, a 22,260 ha helicopter imaging 
survey was completed for selected priority areas on Kaua‘i, including over some of these 
cloudy areas. In total, 395 suspect trees were identifed as a result of those fights, but only 
11 were considered high confdence, and these were generally located in areas of known 
ROD infection. Continued monitoring of high-value forests yet to be impacted by ROD is 
critical for limiting further spread, and the helicopter-based imaging platform contributes 
to that effort. 

The helicopter imaging system also allowed us to greatly expand our areas of survey. 
For example, early sUAS operations in the LFR covered an area of 60 ha, while the May 
2020 helicopter survey covered > 2600 ha (Figure 5). In densely forested areas with limited 
visibility on the ground and few options for take-off and landing, sUAS operations can 
be very challenging [58]. The helicopter system allowed us to obtain aerial imagery over 
much larger areas with a spatial resolution equivalent to what we can obtain with sUAS 
platforms and also allowed us to collect imagery in areas that were chronically cloudy and 
challenging to image acquisition using satellite platforms. Within the near future, with 
more capable platforms and changes to the regulatory framework for beyond visual line of 
sight operations [59,60], we anticipate replacing the manned helicopter imaging system 
with a UAS platform. Until that time, in Hawai‘i and other places with rugged and remote 
terrain and persistent cloud cover, helicopter-based imaging systems can support a variety 
of conservation and land management needs over landscape scales [61–63]. An added 
beneft of this system is improved safety margins for aerial survey teams. In the past, such 
surveys would occur with a team of one to three onboard spotters. This system eliminates 
or greatly reduces the risk to these staff. 

4.2. Ungulates, Fence Lines, and Spatial Patterns of ROD-Related ‘ Ohi‘a Mortality ¯

The strong fence line pattern observed across the four sites included in this study 
may be the result of the increased wounding that ungulates sometimes infict on ‘ohi‘a ¯
trees. Ranched cattle in rotational grazing systems in Hawai‘i with supplemental water, 
feed, and mineral blocks have their nutritional needs met and only rarely strip ‘ohi‘a ¯ bark 
(Riley De Mattos, personal communication). Feral cattle without those supplements are 
more likely to engage in bark stripping, creating wounds on ‘ohi‘a ¯ trees and pathways 
for ROD infection. Feral pigs, with their larger population numbers and rooting, rubbing, 
and browsing behaviors [64,65], may be even more important as wounding agents for the 
spread of ROD. 

The ‘Ola‘a ¯ site in particular showed the importance of fence lines and their continued 
maintenance for limiting the spread of ROD. In the 2019 survey, only a small number of 
suspect trees were identifed within the ‘ Ola‘a ¯ Koa Unit (0.02 suspect trees/ha), while in 
the August 2020 survey, the density of suspect trees was >100 times higher (2.78 suspect 
trees/ha). This was even higher than what we observed in the unfenced area (1.81 suspect 
trees/ha) during this same survey period. The Koa Unit fence line was damaged and 
breached by feral cattle between the 2019 and the 2020 surveys, which allowed feral pigs to 
ingress and establish in the unit. Based on the size of the population discovered in 2020, 
managers suspect limited pig ingress also occurred prior to 2019, though the exact date is 
unknown (Jon Faford, personal communication). The other fenced units included in the 
expanded 2020 survey to the north and the west of the Koa Unit had intact fence lines and 
contained very few suspect trees, somewhat similar to the densities of the Koa Unit in 2019 
(Figure 6). No positive cases of ROD were confrmed within these areas to date, although 
positive samples were collected from trees just outside of the fence lines. In the Kahuku 
site, a strong fence line signal became increasingly apparent over time (Figures 7 and 9). 

Our results show forested areas with confrmed ROD cases and ungulates present can 
experience ‘ohi‘a ¯ mortality densities up to 69 times higher than neighboring ungulate-free 
areas. This is supported by previous work showing that fencing was a highly signifcant 
factor in predicting C. lukuohia detections from laboratory samples collected across Hawai‘i 
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island [66]. While the specifc mechanism(s) relating ungulate activity and ‘ohi‘a ¯ mortality 
are beyond the scope of this study, additional research in this area is needed. For example, 
different ungulate species likely cause different types of wounds, and feral ungulates likely 
behave differently than domesticated animals. Better understanding these differences as 
well as other possible ROD vectors, including localized wind events and ambrosia beetle 
activity [67], will enhance our ability to protect remaining ‘ohi‘a ¯ forest stands. Regardless 
of the specifc mechanisms involved, excluding ungulates from forested areas appears to be 
one of the few management practices available for land managers beyond tree felling [68] 
that can clearly and signifcantly lessen the impacts of ROD in Hawai‘i. 

5. Conclusions 

With respect to areas that are at risk of experiencing ROD, which encompasses the full 
range of ‘ohi‘a ¯ across the Hawaiian islands [66], repeat visible-wavelength high resolution 
remote sensing provides an effective and effcient means by which to monitor forested 
areas. Early and accurate detection and diagnosis of ROD, which this integrated monitor-
ing program can provide, is key to minimizing effects across the landscape by increasing 
options for management. Our results show that this imagery and the associated rating 
system for identifying candidate suspect ROD trees provides a sensitive measure of ‘ohi‘a ¯
mortality at the individual tree level, although it lacks the capacity to confdently discrim-
inate the cause of mortality. Helicopter imaging platforms currently have an advantage 
over sUAS platforms in terms of spatial coverage over remote areas, but that advantage 
may become less important as more capable sUAS become available and the regulatory 
framework for beyond visual line of sight fight operations improves. The spatial patterns 
of ‘ohi‘a mortality ¯ observed across all four sites included in this study showed signifcant 
differences in areas with and without ungulates, suggesting that ungulate exclusion is an 
effective management tool to lessen the impacts in ROD in forested areas in Hawai‘i. 
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