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Abstract: Diagnostic testing to detect forest pathogens requires the collection of physical samples
from affected trees, which can be challenging in remote or rugged environments. As an alternative
to traditional ground-based sampling at breast height by field crews, we examined the feasibility of
aerially sampling and testing material collected from upper canopy branches using a small
unoccupied aerial system (SUAS). The pathogen of interest in this study is Ceratocystis lukuohia, the
fungal pathogen responsible for Ceratocystis wilt of ‘0hi‘a, a vascular wilt disease which has caused
widespread mortality to ‘Ohi‘ain native forests across the state of Hawai‘i. To characterize the
minimum branch diameter needed to successfully detect the pathogen of interest in infected trees,
we tested 63 branch samples (0.8-9.6 cm in diameter) collected from felled trees inoculated with C.
lukuohia on Hawai‘i Island. Subsequently, we aerially sampled branches from ten symptomatic
‘ohi‘a (Metrosideros polymorpha) trees using two different branch sampling systems, the Flying Tree
Top Sampler from ETH Zurich and the new Kiikiiau branch sampler system introduced in this
work, producing 29 branch samples with a maximum diameter of 4.2 cm and length of >2 m. We
successfully detected the target fungal pathogen from the collected branches and found that branch
diameter, leaf presence and condition, as well as wood moisture content are important factors in
pathogen detection in sampled branches. None of the smallest branch samples (those <1 cm in
diameter) tested positive for C. lukuohia, while 77% of the largest diameter branch samples (5-10
cm) produced positive results. The Kiikiau branch sampler system is capable of retrieving branches
up to 7 cm diameter, providing important capacity for pathogenic research requiring larger
diameter samples for successful diagnostic testing. Inconclusive and/or non-detection laboratory
results were obtained from sample materials that were either too desiccated or from a branch with
asymptomatic leaves, suggesting there is an optimal temporal window for sampling.

Keywords: rapid ‘ohi’a death; sSUAS; forest pathogen; branch diameter; diagnostic sampling; Ceratocystis
lukuohia; Ceratocystis wilt of ‘Ohi’a

1. Introduction

Small unoccupied aerial vehicles (sUAS) play an increasing role in conservation and
forestry, primarily through the collection of high-resolution imagery for use in
management decisions and situational awareness in densely forested and treacherous
environments [1-3]. As sUAS platforms become more capable, opportunities exist to
move beyond typical imagery collection into more active applications. Here, we present
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results from sUAS aerial branch sampling operations to detect a forest tree fungal
pathogen on Hawai‘i Island using two different systems, the Flying Tree Top Sampler
device [4] and the Kikiiau branch sampling system developed for this project. Our
objective was to demonstrate that aerial branch sampling via sUAS can produce viable
samples to detect forest fungal pathogens.

1.1. Physical Branch Sample Collection and Retrieval

The collection and retrieval of physical samples in forested environments has
applications in plant pathology [5,6], the propagation of threatened and endangered
species [7-9], and canopy nutrient analyses [10-12]. Forestry vegetation samples have
been collected using a range of methods, from simple handheld pruners to crossbows to
sophisticated canopy crane installations [13-17]. These ground-based methods, while
proven, are limited in scope and coverage area and can be highly inefficient in densely
vegetated rugged areas. Manned helicopters have been successfully used to collect physical
samples in remote or otherwise difficult to access locations [18,19], but the inherent dangers
and costs associated with these operations limit their utility for routine use. sUAS provide
another means of aerial branch sampling, with the potential for increased efficiency over
ground-based methods and without the risks associated with complicated low altitude
manned aviation operations.

A number of sUAS systems exist for sampling leaves and small branches or twigs,
from platforms modified with simple fixed blades to complicated attachments deploying
circular saws and gripping mechanisms with autonomous features [4,20-23]. For a
thorough review of recent sUAS systems used in vegetation sampling and engineering
design considerations, please see [22,23]. The more capable of these systems use a circular
saw for the cutting device, with a maximum reported cut stem diameter of <2.5 cm. While
this branch diameter is more than sufficient for applications relating to canopy leaf
measurements [23,24], in the case of diagnostic sampling of woody material for vascular
tree pathogens, thicker branch diameters may be needed to provide adequate material for
successful laboratory analyses. Determining the minimum tree branch diameter needed
to confidently detect infection by Ceratocystis lukuohia [25] was one of the goals of this
study.

1.2. Sampling Application: Ceratocystis wilt of ‘0hi‘a in Hawai'i

In Hawai’i, the introduced fungal pathogen Ceratocystis lukuohia 1. Barnes, T.C. Harr.
and L.M. Keith is causing widespread mortality to the native keystone tree species
Metrosideros polymorpha Gaud. (‘0hi‘a) [26,27]. C. lukuohia is introduced to ‘Ohi‘a trees
through wounds and causes a systemic vascular wilt disease that spreads throughout the
infected tree [28,29]. While remote sensing imagery can be used to identify ‘Ohi‘a trees
suspected of infection [30-32] (Figure 1), physical samples are required for laboratory
testing to confirm presence of the pathogen’s DNA as the cause of death [33]. This
requirement becomes problematic when the suspect trees are located in remote or
otherwise inaccessible areas or intended samples are in impossible to reach locations on a
tree. In such cases, many months may pass between the identification of the suspect tree and
the actual collection of a physical sample, and in this period the wood may dry out to the point
of no longer producing viable materials for laboratory testing. In the most extreme cases, the
suspect tree is never visited for sampling because its location is too dangerous or impossible
to access [34].
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Figure 1. High-resolution aerial image from east Hawai‘i Island showing an ‘Chi‘a tree with the
characteristic reddish canopy coloration suggesting likely infection with C. Iukuohia, the fungal
pathogen responsible for Ceratocystis wilt of ‘ohi‘a.

Physical samples for laboratory analysis are typically collected by field crews using
a hatchet and/or electric drill at breast height to remove woody material from a depth of
2-5 cm beneath the outer bark (Figure 2). A systemic pathogen, C. lukuohia spreads
passively via conidia (spores) though xylem sap flow, often into the upper canopy.
However, due to the differences in branch and xylem architecture of individual trees,
there is uncertainty and an inconsistent degree of colonization into the uppermost and
smallest branches and twigs [28]. This uncertainty is heightened by the spatial variability
of the initial fungal infection point(s) on the tree, which can impact fungal distribution
patterns. Infections and xylem occlusion of the lower bole could potentially lead to foliar
symptoms in upper canopy branches without fungal colonization. Distal stem samples
from emergent canopy trees are also subject to increased solar radiation that causes
desiccation in outer branches [35]. Once the branch material becomes too dry, it is no
longer suitable for laboratory analyses. Hence, an aerial sampling device that can collect
larger diameter branches is needed, increasing the chance of providing viable wood for
testing.
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Figure 2. Ground-based sampling with a handheld drill for the collection of material for gPCR
testing for C. lukuohia, the fungal pathogen responsible for Ceratocystis wilt of ‘ohi‘a.

2. Materials and Methods

The field sites for this work are located on east Hawai'i Island outside of the town of
Hilo within the Waiakea Forest Reserve (Figure 3), an area heavily impacted by both C.
lukuohia and invasive species including strawberry guava (Psidium cattleianum). The
understory vegetation is dominated by a fern species, Uluhe (Dicranopteris linearis). Site
elevations range from 300-500 m, increasing in elevation to the southwest. The area
receives annual rainfall between 4500-5250 mm [36,37].

C.-lukuohia
Inoculation Site

Island

7

Aerial Branch
Sampling Sites

y.
B Kilometers

Figure 3. Location of field study sites on Hawai‘i Island for the aerial branch sampling described in
this work.

2.1. Determining the Minimum Branch Diameter for Detecting C. lukuohia

In order to determine the minimum branch diameter required to consistently
generate a positive laboratory test for trees infected with C. lukuohia, an opportunistic
branch sampling experiment was conducted using inoculated trees felled in Waiakea
Forest Reserve on Hawai‘i Island (Figure 3) as part of a kiln-heating inoculation study (M.
Hughes, in press). Branch samples from eleven C. lukuohia inoculated trees, ranging in
diameter from 0.8-9.6 cm, were collected immediately after felling via hand saw and
stored in Ziploc bags prior to delivery to the USDA Agricultural Research Service, Pacific
Basic Agricultural Research Center (USDA ARS PBARC) in Hilo for testing via qPCR
assay [33]. Sixty-three samples were collected from these branches and tested for the
presence of C. lukuohia (Figure 4). Additional branch materials <1 cm in diameter were
collected but these were determined to be too small or desiccated to be successfully tested via
gPCR assay. All laboratory measurements were conducted at the USDA ARS facility in Hilo,
HI, USA.
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laboratory processing.

2.2. Aerial Branch Sampling with the FTTS

In an initial attempt to aerially sample ‘Ohi‘a trees for C. lukuohia, we used the FTTS
(“Flying Tree Top Sampler”) device, developed by ETH Zurich [4]. We conducted six test
flights with the FTTS sampler, attached to a DJI Matrice 600 sUAS platform via a 2 m
extension pole (Figure 5) and were able to successfully collect small diameter (0.8-1.6 cm)
branch material from each sampling flight. Sampling flights took place during daylight
hours on 5 September 2019, and 18 October 2019. Sampled trees were chosen on the basis
of accessibility and presence of the characteristic reddish canopy coloration suggesting
likely infection with C. lukuohia. Some of the collected twig samples were too small and/or
desiccated to extract enough material to run laboratory tests, but five FTTS-collected
samples were eventually tested. The sampled trees were located within 50 m of the flight
crew within direct line of sight, and first-person view camera footage (Figure 5B) was used
to guide operation of the FITS gripper and saw blade. We experienced challenges
maneuvering the FTTS into place for sampling, as the dense canopy of the ‘Ohi‘a trees and
shape of the FTTS sometimes made it difficult to position the gripper and the saw blade
accurately for sample collection.

Figure 5. FTTS in process of collecting a twig sample. (A) View of the FTTS from the ground prior
to sampling; (B) Screenshot from video recording from first-person view camera located on the
extension pole looking downwards at the FTTS; (C) close-up view of the FTTS.
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2.3. Development of the Kitkiiau Branch Sampler

Based on our experiences with the FTTS in the field and the difficulties laboratory
staff had in testing the collected small diameter twig samples, we determined that a new
design was needed to better manuever within the canopy of the ‘ohi‘a trees and collect
larger diameter woody branch samples for diagnostic pathogen testing. Towards this end
we developed and tested a series of prototypes, evolving from a small circular saw
attached to a linear servo to the Kitkiiau V2 branch sampler presented here, a robust bar
and chain cutting system and robotic gripper claw mounted to a horizontal carbon fiber
pole via a rotating servo gearbox (Figure 6).
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Figure 6. (A) Kiiktiau V2 branch sampler components. (B) Photo of Kiiktiau V2 branch sampler. (C)
Expanded view of branch attachment and cutting mechanism.

The bar and chain of the Kukitiau V2 cutting mechanism originate from a
commercially available oil-free pruning chainsaw (P5452, Ryobi Ltd., Hiroshima, Japan).
As the chain does not require continuous lubrication, no reservoir of lubricating oil is
needed. The chain is directly driven by a brushless motor (KDE4213XF-360, KDEdirect
LLC, Bend, OR, USA) and electronic speed controller (ESC) (KDEXF-UAS55, KDEdirect
LLC, Bend, OR, USA) and mounted to a servo driven gear box (Actobotics SG20-70,
Robotzone LLC, Winfield, KS, USA) for horizontal pivoting. The mount was custom
designed and 3D printed (RAISE3D, Pro2 Plus, Irvine, CA, USA) using poly-lactic acid
(PLA) filament. The system attaches to target tree branches via a robotic gripper claw
(Newton Gripper, Blue Robotics Torrance, CA, USA). The Kikiiau V2 branch sampler is
powered by a 14.8 V lithium polymer battery (Turnigy Nano-Tech 4000 mAh 4S). A
battery eliminating circuit (BEC) (Turnigy 6A (6 V~25 V) Switch Mode UBEC) steps down
the voltage to 6.4 volts for the receiver and the pivoting servo. Saw motor speed, pivoting
servo position and claw operation (open or close) are controlled via standard RC pulse
width modulated (PWM) signals from the receiver. All these parts are mounted to a
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horizontally balanced carbon fiber tube (OD 28 mm) and attached to the sUAS platform
via a vertical carbon fiber extension pole (3 m, OD 22 mm). A downward-looking oblique
first person view (FPV) camera system (FPV Air Unit Module, DJI Inc., Shenzhen, China)
is embedded into the 2 m vertical extension pole, which can be remotely detached from
the sUAS platform by a servo in case of an emergency (not shown in Figure 6).

The bar and chain system would allow us to cut branches up to 15 cm in diameter,
though this capacity is beyond the 7 cm maximum opening of the gripper claw currently
used to secure the system to the tree during cutting and to hold the collected sample
during retrieval. These components are manually controlled via a RC controller and
connected to the sUAS platform by a 2 m extension pole and electronic quick-release
mechanism. Our Kikiiau branch sampler was named to reflect its origins in Hawai'i.
Kiktau is the name of an ahupua’a (land subdivision) in the Hilo area, and is also a term
for a type of crab, Metopograpsus thukuhar, or ‘alamihi in Hawaiian [37]. The Kiikiiau V2
system was developed by the University of Hawai‘i at Hilo Spatial Data Analysis &
Visualization (SDAV) Laboratory in collaboration with ETH Zurich and R&R
Machining/Welding in Hilo, Hawai‘i, USA. Kiikiiau sampling flights took place during
daylight hours on 6 May 2020, 13 May 2020, and 28 October 2020.

3. Results
3.1. Branch Diameter and C. lukuohia Detections

Summary results from the kiln inoculation felled-tree branch study, to determine the
minimum branch diameter needed to confidently interpret results from qPCR testing, are
shown in Table 1 (see Appendix A for the full dataset of tested branches from the felled
tree inoculation trials). Small diameter branches from inoculated trees (1.0-2.5 cm)
returned positive test results 43% of the time. As branch diameter increased, the positivity
rate also increased, reaching 65% for branches between 2.5 and 5.0 cm, and 77% for
branches 5.0 to 10.0 cm in diameter. For the smallest branches sampled, those <1 cm in
diameter, the positivity rate was 0%. Each inoculated source tree that provided branch
samples for the study was also sampled via the standard electric drill method to remove
woody material from the main stem at breast height, and those samples all tested positive for C.
lukuohia.

Table 1. Laboratory qPCR test results from collected branch samples.

Felled Inoculated Tree Branches Aerially Sampled Branches

Branch Diameter

# of Samples

# Positive for C. % Positive for C. # Positive for C. % Positive for C.
# of Samples

(cm) lukuohia lukuohia lukuohia lukuohia
<1.0 2 0 0% 3 0 0%
1.0-2.5 28 12 43% 16 4 25%
2.51-5.0 20 13 65% 10 6 60%
5.1-10.0 13 10 77% N/A N/A N/A

3.2. Aerial Branch Sampling Results

In addition to the FTTS flights, we conducted five sampling flights with the Kakaau
attachment (Figure 7), retrieving 11 different branches in total from ten trees exhibiting
characteristic C. lukuohia symptoms. Branches were partitioned into 29 individual samples
for laboratory testing. The maximum FITS stem sample diameter was 1.6 cm and the
maximum Kiuiktiau sample diameter was 4.2 cm. None of the five FTTS samples came back
positive for C. lukuohia, while five of seven branches (10 of 24 samples) collected by the
Kiktiau attachment were positive (Figure 8). Eleven samples, out of the overall 29
collected, returned inconclusive results, indicating a failed gPCR reaction [33]. There was
a marked increase in the positivity rate for the higher diameter branches, with 0% testing
positive for branches <1 c¢m, 25% testing positive for diameters of 1.0-2.5 cm, and 60%
testing positive for branch diameters >2.5 cm (Table 1). One of the branches (number 6)
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contained healthy green leaves, though it was collected from a tree exhibiting symptoms
on another branch that did test positive for C. lukuohia (Figure 7C).

Figure 7. Aerial branch sampling. (A) Kitkitau branch sampler in the air following a successful cut;
(B) Samples from a single branch, U.S. Quarter dollar (25 cents coin) for scale; (C) Two different
collected branches, branch on the right contains healthy green leaves from a tree exhibiting partial
C. lukuohia canopy symptoms; (D) >2 m tall branch collected by the Kikaau branch sampler.
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Figure 8. Laboratory test results for infection with C. lukuohia of aerially sampled branches.

4. Discussion

Our results show that sUAS aerial branch sampling is a viable technique for detecting
vascular tree pathogens, with branch diameter and condition being important factors in
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obtaining informative qPCR results for the pathogen C. lukuohia. Branch and twig
sampling for the detection of tree pathogens (though non-aerial) has been used in
previous studies, including olive branch dieback [38], Dutch elm disease [39], and
thousand cankers disease [40]. We found that larger diameter branches had a better
chance of returning positive C. lukuohia results for aerially sampled, naturally infected
trees, rising from a positivity rate of 0% for branches <1 cm up to 60% for branches 2.5-5
cm in diameter. A similar pattern was found for the inoculated felled tree branch dataset,
rising from 0% for branches <1 cm up to 77% for branches >5 cm in diameter. We
acknowledge that these results are based on a relatively small dataset (1 = 92, 29 of these
from aerial operations) and support additional sampling and testing to further examine
this relationship.

The current configuration of the Kiiktiau branch sampler allows retrieval of a branch
up to 7 cm in diameter, though the maximum diameter aerially sampled branch included
in this study was 4.2 cm. As branch diameter increases, so does the weight of the resulting
sample, eventually surpassing the carrying capacity of the sUAS and potentially inducing
failure. One means of circumventing this issue would be to perform multiple cuts on a
branch, discarding the smaller diameter outer branches and only retrieving a short section
of thicker diameter material for testing. As sawdust and wood chips from cutting into
infected trees may contain infectious material [41], a vacuum system for the collection of
produced sawdust and wood chips to minimize spread of inoculum may be added in the
future, though this would increase the weight and complexity of the system.

Branch diameter is not the only factor for successful aerial sampling for the detection
of vascular tree pathogens. Within our dataset, two branches (number five and eleven)
returned inconclusive results at the largest diameters but positive results at smaller
diameter samples (Figure 8). Inconclusive results indicate a failed gPCR reaction and not
a lack of pathogen detection [33]. Desiccated and degraded samples often result in
inconclusive results, likely due to an accumulation of PCR inhibitors. Xylem vessel
density and vessel diameter, both also related to xylem cavitation vulnerability, are
influenced by branch architecture and species identity, with tension wood and available
sunlight two factors that can affect branch xylem characteristics and therefore collected
samples [39,42—44]. To combat these negative factors in high value samples and increase
the chances of a positive result, it would be advised to remove the bark from stem samples
and target symptomatic regions (showing xylem stain). Additionally, testing multiple
samples from different sections of any given branch sample and screening the extracted
DNA at various dilutions could improve capturing fungus-infested tissue while avoiding
PCR inhibition. Of the two Kiikiiau-collected branches that tested negative for C. lukuohia,
one (branch six) contained only healthy green leaves from a tree exhibiting partial canopy
symptoms (Figure 7C; highlighted green box in Figure 8). The other one (branch seven)
was an older decomposed and desiccated branch that was difficult to process for
laboratory testing.

To increase the likelihood of successful detection of a vascular fungal pathogen such
as C. lukuohia from aerial branch sampling, we suggest the following in terms of candidate
branch characteristics. The minimum branch diameter should be >2.5 cm (the thicker the
better), located near the main stem, and support a full set of symptomatic leaves (reddish
coloration). Branches that have lost their leaves may be too desiccated to produce viable
sample material, while branches with asymptomatic leaves are unlikely to return positive
test results, based on the single green leaf branch included in this study. The negative
results for the green leaf branch also suggest that aerial branch sampling may not be a
reliable means of confirming suspicions of early detection of infection by C. lukuohia via
imaging spectroscopy [45] or other techniques, though more data are needed.

Even for the largest diameter branches sampled in this study, those between 5-10 cm
from the felled tree inoculation trial, positivity rates were only 77%. To maximize the
likelihood of aerially obtaining a positive test result from an infected tree, the best
approach may be to mimic existing ground-based sampling protocols by sampling the
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main stem. This would require a system that can reliably attach to (and detach from) the
main trunk of a tree and drill in and extract wood material from various points around
the circumference. Aerially accessing the trunks of isolated trees is more feasible than it is
for trees in closed canopy forests, but recent developments in autonomous navigation
through forested environments and target selection are making this more practical [46—-
48].

5. Conclusions

In this study, we explored the utility of aerial branch sampling for the detection of C.
lukuohia, the fungal pathogen responsible for widespread ‘ohi‘a mortality across the state
of Hawai‘i. We found that branch diameter and health play important roles in successful
pathogen detection, with larger branches supporting symptomatic leaves most likely to
test positive for C. lukuohia. Inconclusive and/or non-detection laboratory results were
most frequently obtained for samples collected from branches that were small diameter
and/or desiccated, or from branches supporting asymptomatic leaves. We have shown
that aerial sSUAS branch sampling is a viable method for fungal pathogen detection for
high value inaccessible target trees, though additional improvements to reduce the
fraction of inconclusive results and to minimize the release of inoculum during cutting
are needed. As fungal pathogens affect forests worldwide [49,50], the results presented
here have applications beyond the state of Hawai'i. In addition to aerial sampling for
pathogen detection, the Kukiiau V2 branch sampler has utility in other conservation
applications, including the collection and propagation of threatened and endangered
species [7-9], canopy nutrient analyses [10-12], the mechanical control of incipient
populations in inaccessible areas [51,52], and aerial pruning [53].
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Appendix A

Table A1. Tested Branch Sample Results from Felled Tree Inoculation Trial.

Tree Sample Diameter CODE Results
(cm)

211 1.70 1 positive for C. lukuohia
211 1.90 1 positive for C. lukuohia
211 2.50 0 inconclusive

211 2.80 1 positive for C. lukuohia
211 5.10 1 positive for C. lukuohia
211 5.10 1 positive for C. lukuohia
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212 2.00 1 positive for C. lukuohia
212 2.30 0 inconclusive

212 3.40 0 inconclusive

212 4.40 1 positive for C. lukuohia
212 7.40 1 positive for C. lukuohia
214 1.00 0 inconclusive

214 1.60 1 positive for C. lukuohia
214 2.20 0 inconclusive

214 2.70 1 positive for C. lukuohia
214 4.40 0 inconclusive

214 5.50 1 positive for C. lukuohia
214 6.70 1 positive for C. lukuohia
215 0.8 -1 Ceratocystis not detected
215 1.4 1 Positive for C. lukuohia
215 1.6 1 Positive for C. lukuohia
215 2.5 1 Positive for C. lukuohia
215 3.5 1 Positive for C. lukuohia
215 4.5 1 Positive for C. lukuohia
215 22 0 inconclusive

215 2.5 0 inconclusive

215 2.8 0 inconclusive

215 3.6 0 inconclusive

215 5.1 0 inconclusive

216 5.60 -1 no Ceratocystis detected
216 6.00 -1 no Ceratocystis detected
217 7.20 -1 no Ceratocystis detected
217 9.60 1 positive for C. lukuohia
218 4.30 -1 no Ceratocystis detected
218 5.60 -1 no Ceratocystis detected
219 4.20 -1 no Ceratocystis detected
219 7.40 -1 no Ceratocystis detected
220 1.40 1 Positive for C. lukuohia
220 1.70 -1 no Ceratocystis detected
220 2.60 1 Positive for C. lukuohia
220 3.40 0 inconclusive

220 5.20 1 positive for C. lukuohia
220 8.40 1 positive for C. lukuohia
Tree 224 1.2 0 inconclusive

Tree 224 1.5 0 inconclusive

Tree 224 1.9 0 inconclusive

Tree 224 22 -1 no Ceratocystis detected
Tree 224 3 -1 no Ceratocystis detected
Tree 224 3.4 1 C. lukuohia detected
Tree 224 0.8 -1 no Ceratocystis detected
Tree 224 1.3 -1 no Ceratocystis detected
Tree 224 21 -1 no Ceratocystis detected
Tree 224 24 -1 no Ceratocystis detected
Tree 224 2.5 -1 no Ceratocystis detected
Tree 224 2.6 -1 no Ceratocystis detected
Tree 224 3 -1 no Ceratocystis detected
Tree 224 4.8 1 C. lukuohia detected
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Tree 225 1.40 0 inconclusive

Tree 225 1.80 -1 No Ceratocystis detected

Tree 225 2.20 0 inconclusive

Tree 225 2.30 -1 No Ceratocystis detected

Tree 225 3.00 -1 No Ceratocystis detected

Tree 225 3.90 1 Positive for C. lukuohia

Tree 225 4.20 -1 No Ceratocystis detected

Tree 226 1.30 1 Positive for C. lukuohia (weak positive)

Tree 226 1.60 0 inconclusive

Tree 226 500 1 Positive for C. lukuohia (ghia internal
marker was not detected in sample)

Tree 226 2.50 1 Positive for C. lukuohia

Tree 226 2.70 1 Positive for C. lukuohia

Tree 226 3.60 1 Positive for C. lukuohia

Tree 226 5.00 1 Positive for C. lukuohia

Tree 226_Rot_Core 5.10 1 Positive for C. lukuohia

Tree 226 7.40 0 inconclusive

228 1.50 -1 No Ceratocystis detected

228 2.20 1 positive for C. lukuohia

228 2.40 -1 No Ceratocystis detected

228 4.30 1 positive for C. lukuohia

228 4.30 1 positive for C. lukuohia

228 6.30 1 positive for C. lukuohia

228 6.30 1 positive for C. lukuohia
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