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Abstract

Metrosideros polymorpha Gaud. (‘ohi‘a) is the most abundant native forest tree in Hawai ‘i
and a keystone species of cultural, ecological, and economic importance. ‘Ohi‘a forests,
particularly on Hawai‘i Island, are being severely impacted by Rapid ‘Ohi‘a Death (ROD),
which is caused by the fungal pathogens Ceratocystis lukuohia and C. huliohia. ROD is
characterized by branch dieback, crown wilting, and mortality. Initial disease resistance
screening of four varieties of M. polymorpha with C. lukuohia demonstrated that varie-
ties may differ in susceptibility. Several survivors of field or screening-based infections
still exist, providing strong impetus for the establishment of the ‘Ohi‘a Disease Resist-
ance Program (‘ODRP). Here, we outline a framework for guiding the ‘ODRP throughout
the process of identifying and developing ROD resistance in M. polymorpha and, possi-
bly, all Hawaiian Metrosideros species. Core ‘ODRP projects include: (1) evaluating and
operationalizing methods for greenhouse-based production and screening of test plants; (2)
greenhouse screening of seedlings and rooted cuttings sampled from native Metrosideros
throughout Hawai‘i; (3) establishing field trials to validate results from greenhouse assays;
(4) understanding environmental and genetic drivers of resistance to characterize the dura-
bility of resistance to ROD; (5) developing remote sensing and molecular methods to rap-
idly detect ROD-resistant individuals; and (6) conducting breeding trials to improve the
degree and durability of ROD resistance. Ultimately, the ‘ODRP seeks to produce ROD-
resistant material for the perpetuation of M. polymorpha across Hawai‘i, with the goal of
preserving the ecology, culture, and communities that are dependent on this tree species.
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Introduction

Non-native pests and pathogens are serious and growing threats to forest tree species
across the globe (Wingfield et al. 2001, 2017, Ghelardini et al. 2017). Some of these have
seriously impacted native forest ecosystems, with resulting mortality causing disruptions
to ecosystem services, declines in the quality and quantity of forest products, reduced bio-
diversity, and degraded access to species of cultural importance (Lovett et al. 2006, Boyd
et al. 2013). These impacts are magnified when foundational species are impacted (Loo
2009). Development of genetically diverse populations of disease resistant trees is an effec-
tive way to restore systems damaged by exotic pests and pathogens, including returning
a forest to a desired sustainable state of ecosystem composition, structure, and function
(Showalter et al. 2018, Bonello et al. 2020).

Disease screening and resistance breeding programs have been developed for a num-
ber of forest tree species, with some successfully producing disease-resistant plant material
(Sniezko 2006, Sniezko and Koch 2017). Successful programs include: elm (Ulmus spp.)
resistance to Dutch elm disease (Martin et al. 2019), Port-Orford-cedar (Chamaecyparis
lawsoniana (A. Murray bis) Parl.) resistance to Phytophthora lateralis Tucker and Mil-
brath (Sniezko et al. 2012, 2020), Sitka spruce (Picea sitchensis [Bong.] Carr) resistance to
white pine weevil (Pissodes strobi Peck; Alfaro et al. 2013), and pine (Pinus spp.) resist-
ance to fusiform and white pine blister rusts (Sniezko et al. 2014). A resistance program
for koa (Acacia koa Gray), a dominant canopy species in Hawaiian forests, has identified a
large number of tree genotypes across Hawai‘i that show resistance to koa wilt (Fusarium
oxysporum f. sp. koae Schlecht. Emend. Snyder & Hansen) and established seed orchards.
This program, initiated in 2003, now includes field trials to examine resistance across
diverse families from various eco-regions throughout the state (Dudley et al. 2015, 2017,
2020). The process of developing a successful applied resistance program is complex, typi-
cally involving multiple research groups and natural resource agencies (Woodcock et al.
2018), and often relying on a multi-faceted conceptual framework (Jacobs et al. 2013,
Sniezko and Koch 2017).

Here, we propose a strategic framework for guiding the development of an ‘Ohi‘a Dis-
ease Resistance Program in Hawai‘i to help produce Metrosideros polymorpha Gaud.
(‘ohi‘a) germplasm resistant to the novel species of Ceratocystis responsible for Rapid
‘Ohi‘a Death, Ceratocystis lukuohia and C. huliohia 1. Barnes, T.C. Harr., and L.M. Keith.
Our proposed framework relies upon lessons learned from disease resistance programs in
other threatened forest tree species, while adapting specifically to the unique ecological,
biological, and cultural characteristics of ‘chi‘a. This work will add to the growing number
of case studies on programs developing disease resistance in forest trees, as well as demon-
strate how pioneering resistance programs can be leveraged to accelerate development of
future programs.

‘Ohi‘a: ecology, hydrology and cultural importance

Metrosideros polymorpha is a Hawaiian evergreen tree species belonging to the family
Myrtaceae. It is the most abundant native forest tree in Hawai‘i and is a major component
(>80% of biomass) of both wet and dry native forests across the archipelago (Loope et al.
2016). The ancestor to modern Hawaiian Metrosideros arrived in Hawai‘i 3.1 to 3.9 million
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years ago on the island of Kaua‘i and subsequently colonized the other main Hawaiian
Islands as they emerged from the ocean via volcanism. Over time, adaptive radiation led
to multiple Metrosideros species occupying different ecological niches across the islands
(Percy et al. 2008; Dupuis et al. 2019). As a result, there are now five species of endemic
Hawaiian Metrosideros. Only one species, M. polymorpha, is found throughout the state.
There are eight recognized varieties of M. polymorpha: var. glaberrima (found on all
islands except Ni‘ihau and Kaho‘olawe), var. incana, var. polymorpha, var. macrophylla,
var. newellii (a riparian variety endemic to Hawai‘i Island), var. pseudorugosa (endemic
to Maui), var. dieteri (endemic to Kaua‘i), and var. pumila. These taxa are primarily dis-
tinguished by leaf traits (Dawson and Stemmermann 1990; Stacy et al 2016). The M. poly-
morpha varieties inhabit different environments and have adapted to selective pressures
characteristic of these locations (Corn and Hiesey 1973; Cordell et al. 1998; Cornwell
et al. 2007; Ekar et al. 2019). The maintenance of these phenotypic differences, despite
frequent hybridization occurring in nature, coupled with evidence of strong genetic struc-
ture of M. polymorpha varieties supports the hypothesis that ‘chi‘a is undergoing incipient
speciation (DeBoer and Stacy 2013; Stacy et al. 2014, 2016, 2020; Stacy and Sakishima
2018). Other Metrosideros taxa include M. macropus, M. tremulolides, and M. rugosa (all
endemic to O‘ahu), M. waialealae var. fauriei (endemic to Maui, Lana‘i, and Moloka‘i)
and M. waialealae var. waialealae (endemic to Kaua‘i).

‘Ohi‘a is a keystone species, providing habitat for endemic birds, insects, and plants,
many of which are endangered (Loope et al. 2016). Many species of the diverse Hawaiian
honeycreepers are found in ‘chi‘a forests and rely on this tree species for nesting sites and
food (Ralph and Fancy 1996; Freed et al. 2007; Hart et al. 2011; Camp et al. 2019). Addi-
tionally, ‘ohi‘a is a host for countless arthropod species. Arthropod surveys of ‘chi‘a con-
ducted from 1996 to 2001 resulted in the detection of 711 insect species, 495 of which are
Hawai‘i endemics with several being host-specific to ‘Ohi‘a (Gruner 2004). ‘Ohi‘a forests
are also critical habitat for species of Hawaiian Cyrtandra, Clermontia, Cyanea, Gahnia,
and numerous other plants, many of which are federally listed as threatened or endangered
(USFWS 1995, 1996, 1998). Thus, conservation of this species, and all Hawaiian Met-
rosideros, is vital for the conservation of countless other taxa. There is perhaps no other
species in the US that supports more threatened and endangered taxa or that plays such a
geographical dominant ecological keystone role (Gruner 2004; Paxton et al. 2018; Fortini
et al. 2019).

Tantamount to the ecological importance of ‘chi‘a is its cultural importance. For Native
Hawaiians, ‘Ohi‘a is a physical manifestation of multiple Hawaiian deities and the subject
of many Hawaiian proverbs (‘0lelo no‘eau), the subject of an enormous number of chants
(oli) and stories (mo‘olelo) (Gon 2013), and foundational to the scared practice of many
halau hula. Native Hawaiians established many uses for the different parts of the tree.
‘Ohi‘a wood is used for various structural components of temples and traditional Hawai-
ian houses, tool and weapon handles, carved into figures of Hawaiian gods, and used for
firewood (Malo 1903; Gon 2013). The flowers, shoots, and aerial roots are used medici-
nally to treat many ailments (Friday and Herbert 2006; Gon 2013). Flowers and shoots
are also used for making lei (Friday and Herbert 2006). Lastly, Native Hawaiians, Hawai‘i
residents, and islands visitors alike value ‘ohi‘a for its intrinsic beauty. The thriving bio-
cultural link between ‘Chi‘a and the people of Hawai‘i is a defining feature of Hawai‘i’s
socio-ecological landscapes (Kealiikanakaoleohaililani et al. 2019; McMillen et al. 2020).

Hawai‘i is dependent on groundwater as a source of freshwater for residential and agri-
cultural uses (Tribble 2008). A reduction in the availability of freshwater from this source
could lead to the use of other, more expensive methods of freshwater production to meet
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public demand (Burnett et al. 2020). High elevation ‘ohi‘a forests protect watersheds across
the state, and, because of their lower water usage compared to fast-growing non-native spe-
cies, allow for greater recharge of groundwater (Kagawa et al. 2009; Takahashi et al. 2011;
Cavaleri et al. 2014). Additionally, a study by Burnett et al. (2017) found that the cost of
protecting freshwater by conserving native Hawaiian forests is less than half the cost of
freshwater production via large-scale reverse-osmosis of seawater per thousand liters.

Native Hawaiian forests are being impacted by multiple threats such as invasive pests,
wildfire, and land-use. Substantial work has been invested into mitigating these threats and
creating conservation areas where ‘ohi‘a can thrive, sustaining the ecological, cultural, and
economic importance of ‘Chi‘a across the state. However, Rapid ‘Ohi‘a Death now rep-
resents an unprecedented threat to this species, the loss of which would be devastating to
Hawai ‘i.

Rapid ‘Ohi‘a Death

Starting in 2010, residents in the Puna District of Hawai ‘i Island noticed an increasing number
of dead and dying ‘chi‘a and brought this to the attention of state and federal agencies (Keith
et al. 2015). Apparently healthy trees were observed rapidly deteriorating in a matter of weeks
to canopies full of wilted, brown leaves (Fig. 1), and the phenomenon was given the name

Fig.1 A Metrosideros poly-
morpha tree on Hawai‘i Island
displaying a completely wilted
canopy with leaves still attached
to branches, typical symptoms of
Rapid ‘Ohi‘a Death
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Rapid ‘Ohi‘a Death (ROD). Researchers dissected several diseased trees and found brown to
black streaks and discoloration in the sapwood (Keith et al. 2015). Fungal isolates were iso-
lated from sapwood samples and initially identified as Ceratocystis fimbriata Ellis and Hal-
stead based on cultural morphology and DNA sequencing. Koch’s postulates, the criteria used
to demonstrate pathogenicity of a potential pathogen, were completed (Keith et al. 2015), and
extensive sampling of diseased trees was conducted on public and private lands to identify the
distribution of the pathogen and collect isolates from new detection areas.

Biology of the ROD pathogens

Genetic and morphological analysis of 64 additional fungal isolates revealed that two novel
Ceratocystis species, not C. fimbriata (sensu strictu), were responsible for ROD: C. lukuohia
and C. huliohia (Barnes et al. 2018). The two pathogens have been found to cause two distinct
diseases. C. lukuohia extensively colonizes the sapwood of M. polymorpha, manifesting as
brown to black staining, leading to rapid wilt of the crown (Hughes et al. 2020). This disease
is now called Ceratocystis wilt of ‘ohi‘a (Keith et al. 2015; Hughes et al. 2020) and is present
on Hawai‘i Island and Kaua‘i (Brill et al. 2019), with the potential to devastate ‘Ghi‘a for-
ests across the state (Fortini et al. 2019). C. lukuohia belongs to the Latin American clade of
Ceratocystis, which is known to include highly aggressive tree pathogens (Barnes et al. 2018).
Due to this species’ aggressiveness, it has been the main focus of ROD pathology work (Roy
et al. 2019; Hughes et al. 2020; Luiz et al. 2020). C. huliohia, on the other hand, invades the
living cells of the phloem, cambium, and outer xylem of ‘Ghi‘a, resulting in a well-defined
area of necrotic tissue typical of a canker disease (Manion 1991; Juzwik et al 2019). As such,
the disease caused by C. huliohia is known as Ceratocystis canker of ‘ohi‘a. Multiple cankers
are needed to girdle stems, resulting in slower mortality compared to C. lukuohia infection.
C. huliohia has been detected on Hawai ‘i Island, Maui, O‘ahu, and Kaua‘i (Heller et al. 2019;
ROD SRP 2020) and is a member of the Asian-Australian clade of Ceratocystis (Barnes et al.
2018). Both species of Ceratocystis produce sexual (ascospores) and asexual (endoconidia
and aleurioconidia) spore types (Barnes et al. 2018). As the pathogens colonize the host tree,
they produce asexual spores that colonize xylem tissues, leading to wilt and branch dieback.
Sexual fruiting structures (ascomata) are rarely seen in natural infections, but they have been
observed on surfaces of exposed sapwood of infected trees (e.g. stumps of recently felled trees
and inoculation wounds). Analysis of neutral loci from the genomes of C. lukuohia isolates
across Hawai‘i Island and Kaua‘i, work that is ongoing, suggests that the species comprises
clonal lineages derived from a single introduction, with little sexual recombination occurring
within discrete populations. Comparatively, population structure of C. huliohia appears to be
more diverse within and among populations, suggesting that the species may have been in
Hawai‘i for a longer period of time (T. Harrington pers comm). Research on the basic biology
of these fungi will provide a solid foundation for future disease resistance research and aid in
the development of best practices for mitigating their spread.

Dispersal and transmission of the ROD pathogens
While much effort has been invested into the epidemiology of these two pathogens, poten-

tial dispersal agents, vectors, and the roles they play in pathogen dispersal are still being
researched. Frass (boring dust) created when ambrosia beetles (Xyleborus ferrugineus
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(Fabricius), X. affinis Eichhoft, X. perforans (Wollaston), X. simillimus Perkins, and Xyle-
borinus saxesennii (Ratzburg)) attack and tunnel into diseased trees can harbor viable fun-
gal propagules (Roy et al. 2019, 2020). One hypothesis is that windblown Ceratocystis-
contaminated frass particles are involved in the spread of these pathogens (Barnes et al.
2018), but the role of beetle frass in long- and short-range dispersal of fungal spores is not
understood. While beetle frass has been one of the main foci of ROD research, new evi-
dence suggests that ambrosia beetles can directly vector fungal propagules between trees. It
is unknown how frequent this method of transmission occurs and how much of a contribu-
tion it makes to the overall spread of ROD (K. Roy, pers comm). Humans are suspected of
dispersing Ceratocystis-contaminated materials via contaminated tools, infected firewood
and other plant parts, and contaminated soil on the tires and undercarriage of vehicles (Fri-
day et al. 2015). Humans can also create infection courts when they wound ‘Ghi‘a. Simi-
larly, evidence suggests that feral ungulates are suspected of creating wounds on ‘chi‘a
trees, leading to increased mortality rates of ‘Ghi‘a in stands where ungulates are present
versus ungulate-free stands (Perroy et al. 2021). Understanding how these potential trans-
port and wounding mechanisms contribute to the spread of the ROD pathogens is integral
for the long-term management of Hawai‘i’s native forests.

Epidemiology of ROD

The extensive distribution of ‘Ghi‘a across Hawai‘i (roughly 250,000 hectares of ‘Ghi‘a on
Hawai‘i Island alone) makes rapid identification of new ROD outbreak areas difficult. Rou-
tine state-wide helicopter surveys are conducted with Digital Mobile Sketch Mapping soft-
ware to note areas of suspected ROD mortality, followed by tree-sampling by ground crews
(ROD SRP 2020). Additionally, advanced aerial imaging systems using video, camera, and
spectral data are being developed to improve detection and monitoring capabilities (Asner
et al. 2018; Vaughn et al. 2018; Perroy et al. 2020). Hawai‘i Island, where the first ROD
outbreaks were identified, has the most extensive ‘chi‘a forests in the state. ROD has had
the greatest impact on this island, with significant mortality occurring over 72,000 hectares
of ‘ohi‘a across all nine districts of the island (ROD SRP 2020). The ROD mortality pat-
terns observed via ground-based and remotely sensed mapping can be complex. For exam-
ple, Mortenson et al. (2016) found that average mortality in ROD-impacted forest plots in
Puna and South Hilo from 2014 to 2015 was 28% of total stems on average and mortality
ranged from 3 to 50%. In the worst cases, mortality of ‘chi‘a in some stands can reach over
90% (Fig. 2; R. F. Hughes pers comm). This variability has resulted in some stands being
decimated by ROD and others barely impacted. The finding that some ‘Ghi‘a continue to
survive in forests despite the presence of ROD indicates that resistance may be present in
natural stands of ‘chi‘a and these trees should be studied further.

Two strategic plans have been created to describe current knowledge, accomplishments,
and frame the work required to achieve goals of the ROD research, management, and out-
reach communities. The first strategic response plan for 2017-2019 outlined the need for
expanded field detection efforts via remote sensing, research on the epidemiology of the
pathogens, optimized management practices, and exploration of other avenues for outreach
(ROD SRP 2016). These goals were largely met and discussed in the latest strategic plan
for 2020-2024 (ROD SRP 2020). Current needs include continued support of surveil-
lance efforts and improvement of these technologies, expanding outreach efforts and public
engagement, research on possible vectors of the pathogens, collection and preservation of
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Ceratosystis Detections
® C. lukuohia
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] Map Produced by: Brian Tucker, Rapid ‘Ohi‘a Death Data Manager
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Fig.2 The distributions of Ceratocystis lukuohia and C. huliohia positive diagnostic detections in relation
to the distribution of ‘chi‘a (Metrosideros polymorpha) forest across the state of Hawai‘i. Mortality in some
stands of ‘ohi‘a can be greater than 90%, as evidenced by forest inventory plots on Hawai‘i Island (R. F.
Hughes, pers comm)

seeds for research and future restoration, and comprehensive evaluation and development
of disease resistance in ‘ohi‘a. Here, we focus on the complexities of developing ROD-
resistant ‘Ohi‘a.

Rapid ‘Ohi‘a Death and disease resistance research

To understand and model the future impact of ROD, it is necessary to determine whether
genetic resistance exists in ‘chi‘a, as well as its frequency throughout Hawai‘i, the level of
resistance, and its geographic distribution. Disease resistance research in ‘chi‘a was initi-
ated in 2016 by the USDA Agricultural Research Service, with the goal of conducting a
preliminary assessment of ROD resistance in local populations of ‘Ghi‘a (Luiz et al. 2020).
In this study, 124 plants across four varieties of M. polymorpha were screened for resist-
ance to C. lukuohia, resulting in the survival of 4 individuals of M. polymorpha var. incana
and 1 individual of M. polymorpha var. newellii 3 years post-inoculation. Currently, the
five survivors from the study are being kept for long-term monitoring and will be used to
produce rooted cuttings and seeds for further evaluation of these genotypes. The results of
this first study suggest that natural resistance to ROD may be present in wild populations
of at least some varieties of M. polymorpha. However, a more comprehensive screening of
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the species throughout its range is needed to provide an accurate baseline on the frequency,
level, and the distribution of genetic resistance to both pathogens.

This initial effort expanded into a collaborative partnership among state, federal, and
non-profit agencies and entities, which in 2018 became the ‘Ohi‘a Disease Resistance Pro-
gram (‘ODRP). The ‘ODRP is comprised of the Akaka Foundation for Tropical Forests,
the USDA Forest Service (Regions 5, 6, and the Pacific Southwest Research Station’s Insti-
tute for Pacific Islands Forestry), the USDA Agriculture Research Service Pacific Basin
Agricultural Research Center, the University of Hawai‘i at Manoa College of Tropical
Agriculture and Human Resources, University of Hawai‘i at Hilo Spatial Data Analysis
and Visualization Lab, Purdue University, the Tropical Hardwood Tree Improvement and
Regeneration Center, the Hawai‘i Division of Forestry and Wildlife, Arizona State Univer-
sity, the Hawai ‘i Agriculture Research Center, and Kalehua Seed Conservation Consulting.
The overarching goal of this inter-disciplinary group is to provide baseline information on
the genetic resistance present in all varieties of Metrosideros polymorpha. Additionally,
the group aims to develop sources of ROD-resistant germplasm for a range of restoration
purposes including cultural plantings, landscaping, and ecological restoration of areas that
have been heavily impacted by ROD. This goal is being achieved through: (1) evaluat-
ing and operationalizing methods for inoculation-based screening and greenhouse-based
production of test plants and (2) short-term greenhouse screenings of seedlings and rooted
cuttings sampled from native Metrosideros throughout Hawai‘i. The ‘ODRP will then
expand by: (3) establishing field trials, with the help of local communities, to validate the
short-term greenhouse assays and monitor durability and stability of resistance; (4) under-
standing environmental (climate, soils) and genetic (vascular architecture, wound response)
drivers of susceptibility and resistance to characterize the durability and stability of genetic
resistance to ROD; (5) developing remote sensing and molecular methods to rapidly detect
ROD-resistant individuals; (6) if necessary, conducting breeding to increase the efficacy of
resistance and improve durability of ROD resistance; and (7) support already established
and ongoing Metrosideros conservation work (state-wide seed collection and banking)
with information on genotypes resistant to ROD and ROD-resistant seed production.

Operationalizing ROD-resistance methodologies for Metrosideros
screening

Useful levels of resistance to non-native pathogens are often rare, necessitating screening
progeny of thousands of parent trees to develop base populations for breeding or restora-
tion. Current growing and screening capacity for ROD is limited to approximately hun-
dreds of plants per year, in contrast to established disease resistance programs that screen
tens of thousands of individuals annually. For instance, over 12,600 field selections of
Port-Orford-cedar, with collections spanning two states and occurring over three decades,
were collected to examine resistance to Phytophthora lateralis (Sniezko et al. 2012). To
expand screening into potentially many thousands of plants per year, material collection,
propagation methods, growth management, and screening must become the focus of efforts
to operationalize each step in the process of securing diseases resistant material. The
enhanced efficiency and accuracy of screening due to optimization of methods will allow
the program to more rapidly grow and screen Metrosideros plants, decreasing the overall
time to identify and produce ROD-resistant plants to satisfy the urgent needs of the conser-
vation, restoration, and landscaping sectors.
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Inoculation methodology

Considered a foundational step in any disease resistance program, the ‘ODRP is working to
optimize an artificial inoculation methodology or set of methodologies. Artificial inocula-
tion methods need to consistently cause infection (low false negative rate) that mimics natural
infection to provide useful results (McKenna et al. 2011). Additionally, fine-tuned inoculation
methods will allow for more nuanced observation of intermediate levels of disease resistance
(Hansen et al. 2012, Sniezko et al. 2014, 2020).

Testing different inoculation methods and continuously improving upon them as new data
become available ensures that resistance responses like those expressed under field conditions
are consistently produced. To date, several inoculation methods have been tested separately
using C. lukuohia isolates: (1) colonized agar chunks, (2) inoculated grains of brown rice,
(3) soil drench with a spore suspension (L. Sugiyama pers comm), (4) stem inoculation with
liquid spore suspensions (B. Luiz pers comm), (5) agar slurry (Hughes et al. 2020), and (6)
inoculated filter paper disks (Keith et al. 2015). The filter paper disk method has been the only
artificial inoculation method to consistently produce disease symptoms under constant growth
chamber conditions and is the current standard for inoculations. Using this method, wilting
occurs on 1- to 2-year-old plants in as little as 2 to 4 weeks post-inoculation under constant
conditions in a growth chamber (Keith et al. 2015, Brill et al 2019, Luiz et al. 2020).

Despite a high degree of success with the filter paper disk method, our initial comparisons
of inoculation method efficacy relied upon small sample sizes, focused on C. lukuohia, and
used young plants, all of which point to a need for more robust testing. Thus, an expanded set
of plants capturing a wider range of varieties, sizes, and genotypes is needed. The ‘ODRP will
be comparing inoculation methods using hundreds of ‘chi‘a individuals to compare different
inoculation techniques and concentrations, with the goal of optimizing and operationalizing
mass screening of ‘ohi‘a.

Within the context of these inoculation trials, the ‘ODRP will also examine the effects of
temperature and season on infection rates and disease progression to inform optimal timing
for inoculating and experiment duration. This information is vital for fine-tuning screening
methods and avoiding experiments that are too short to distinguish types of resistance or cap-
ture intermediate levels of resistance (Sniezko et al. 2020). In vitro experiments of C. lukuohia
cultures demonstrate that mycelial growth and sporulation are optimal at 25 °C and quickly
diminish at temperatures <20 °C or>35 °C (Luiz and Keith 2020). There is a possibility that
these growth and sporulation patterns are similar once the pathogen has infected host tissues.
While seasonal temperature change in Hawai‘i is mild, average temperature can fluctuate in a
greenhouse or field environment by season, prevailing weather, and elevation, possibly affect-
ing plant responses to inoculation (Hughes et al. 2020). Additionally, factors such as plant age
and size (Hu and Yang 2019), branch architecture (Costes et al. 2013), and mechanical stress
(Ishihara et al. 2021) have been shown to affect disease resistance responses in woody plant
species and will be explored to identify optimal parameters for inoculations.

Operationalizing propagation and culture of M. polymorpha
The current minimum size requirement for M. polymorpha plants to be inoculated is a
6 mm stem diameter, as this diameter allows a stem wound to be made easily with a scal-

pel and reduces the chance of adverse effects due to wounding. Most viable seeds ger-
minate within 4-6 weeks; however, M. polymorpha stem diameter increases at a rate of
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1-3 mm annually under optimal conditions (Friday and Herbert 2006), so seedlings can
take roughly 2 years to obtain the minimum 6 mm stem diameter required for the filter
paper disk method. Previous studies on M. polymorpha have focused on the effects of irri-
gation type (subirrigation vs. overhead), fertilizers, temperature, and light levels on M.
polymorpha seedling growth and survivorship (Dumroese et al. 2006; Morrison and Stacy
2014; Sakishima 2015), and these studies, along with input from native plant nurseries in
Hawai‘i, have shaped the ‘ODRP’s ‘ohi‘a growing methods. Experiments comparing con-
tainer types and sizes are being established using M. polymorpha seed families, as simi-
lar studies with Acacia koa, another Hawai‘i native forest tree, have found that seedling
growth rate increased as container volume increased (Dumroese et al. 2011; Jacobs et al.
2020). In theory, seedling production can be scaled up quickly, be readily available for all
populations and varieties, and provide key information on level and inheritance of resist-
ance. Seedlings will be the bulk of the material tested by the ‘ODRP, so optimizing M.
polymorpha seedling growth will reduce the time required to produce plant material and
increase screening efficiency.

M. polymorpha can also be propagated through vegetative cuttings (Rauch et al. 1997),
which has several advantages over propagation by seeds including: the ability to acquire
multiple copies of identical genotypes, much shorter time to reach target size, and rela-
tive ease of propagation due to year-round access to vegetative material. However, root-
ing success varies widely by mother tree (Bornhorst and Rauch 1994; Hughes and Smith
2014), with cuttings from cultivated trees most likely having higher rooting success than
trees in the wild. The effects of indole-3-butyric acid concentrations on rooted cuttings has
been studied on easy-to-root M. polymorpha using a single hormone product (Rauch et al.
1997). However, a direct comparison of rooting hormone products and potting media has
not been published. Both factors have been found to significantly affect rooting success
of other woody angiosperms (Pijut 2004; Antwi-Boasiako and Enninful 2011; Mabizela
et al. 2017), and an experiment to study their effects on rooting success of M. polymorpha
cuttings is being established. This propagation method is particularly useful for obtaining
clonal material of promising trees for disease resistance, such as survivors in areas heav-
ily impacted by ROD, and further refinement of this method could improve overall rooting
success of cuttings taken from trees in the field that may be hard to root.

Resistance screening of survivor M. polymorpha trees

As previously mentioned, asymptomatic survivor trees may be found in ‘Chi‘a stands sev-
erly impacted by ROD. These remnant live trees represent potential survivors and, there-
fore, are prime candidates to focus screening efforts (Pike et al. 2021). Curiously, there are
instances of lightly impacted stands of M. polymorpha near these high-mortality stands.
These adjacent, lightly impacted stands serve two important functions: they serve as a
control for studying survivor trees in high-mortality sites and, in light of their proximity
to areas with high disease pressure, may be largely comprised of disease resistant trees.
Screening seedlings and cuttings from these trees together will allow us to distinguish if
they are alive because they are resistant to Ceratocystis infection or because they were not
infected by either pathogen (escapes) and will eventually become infected. Currently, the
program is sampling four different forest sites in the Hilo and Puna Districts of Hawai‘i
Island with the appropriate conditions to form paired plots within each site: one with low
ROD-induced mortality (<20% of stems) and one with high mortality (>80% of stems).
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Cuttings and seeds are being collected from trees in these sites, with the goal of screening
the resulting plants for C. lukuohia and C. huliohia. This study will be the first to assess
the susceptibility of naturally occurring survivor M. polymorpha in heavily ROD-impacted
areas.

Remote sensing and pre-screening of survivor trees

Previous efforts, supported by U.S. Forest Service Region 5 and the State of Hawai ‘i, com-
bined leaf and airborne spectroscopy with measurements of canopy chemical (i.e. water,
nitrogen, non-structural carbohydrate, phenols) concentrations from ‘ochi‘a foliage to
develop spectral-chemical signatures (Asner et al. 2018) that were used to map individual
tree crowns exhibiting symptoms of active (brown/desiccated ‘chi‘a crowns) and past (leaf-
less tree crowns) wilt, most likely due to ROD, across Hawai‘i Island (Vaughn et al. 2018).
Combined, these data provided the first landscape-scale, spatially explicit maps of prob-
able ROD for managers. Documentation of ROD presence using these geospatial tools will
satisfy the growing need to identify how quickly the pathogens are spreading and quantify
resistance in ROD-impacted landscapes.

The search for survivor trees represents a critical bottleneck in the resistance-screening
process, as ground-based surveillance requires a significant time investment by field crews.
To alleviate this bottleneck, we are using unmanned aerial system technology (drones) to
identify potential survivor trees in M. polymorpha forests in the Hilo and Puna districts
of Hawai‘i Island for disease resistance screening. Additionally, we are developing remote
sensing methodologies (lidar and hyperspectral imagery) to identify ROD-resistant ‘Ohi‘a
trees. The goal of this work is to develop a spectral-chemical indicator of ROD resistance
using a comparative time-series analysis of spectral-chemical signatures in ‘Ghi‘a foliage
from ROD-resistant ‘Ghi‘a versus escapes. Successful results will accelerate identifica-
tion of survivor trees by remotely pre-screening candidate survivor trees, allowing for tar-
geted field sampling of trees with the spectral-chemical signature that corresponds to ROD
resistance.

Statewide Metrosideros screening

Ceratocystis lukuohia and C. huliohia have only been reported on M. polymorpha, and
most of the pathology work thus far has been conducted on Hawai‘i Island M. polymor-
pha varieties. Little is known about the susceptibility of other Hawaiian Metrosideros taxa,
but this knowledge is important for protecting the remaining native forests throughout the
state. Therefore, an exploratory screening study is underway for seedlings from endemic
Kaua‘i and O‘ahu Metrosideros. Four seed families of both M. polymorpha var. dieteri and
M. waialealae var. waialealae from Kaua‘i were provided by the National Tropical Botani-
cal Garden and sown in 2018. Seeds from M. rugosa, M. macropus, M. tremuloides, and
M. polymorpha var. incana, var. glaberrima, and var. polymorpha from O‘ahu were pro-
vided by the University of Hawai‘i Lyon Arboretum and the Hawai‘i Department of For-
estry and Wildlife, and sown in late 2019. Screening these initial accessions from Kaua‘i
and O‘ahu will provide a first look at whether native Metrosideros other than M. polymor-
pha are susceptible to infection by either C. lukuohia or C. huliohia and guide our larger
disease screening experiments in the future.
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The ROD Seed Banking Initiative was established to collect and store Metrosideros
seeds from naturally occurring trees throughout Hawai‘i, with the goal of preserving the
genetic diversity of these taxa for restoration and disease research efforts (Chau 2020). Pro-
visional seed zones were established based on climatic and environmental parameters, pro-
viding the foundation for a collection strategy in this large, multi-agency initiative (Chau
2020; Laukahi 2020). Representative seed samples from populations across the islands will
be screened for resistance to ROD, with the seed bank providing the ‘ODRP easy access to
seeds from a diverse set of Metrosideros taxa and genotypes. The plan is to grow and test
seedlings from three seed families of each Metrosideros taxon per seed zone in which the
taxon occurs. Due to constraints in growing and screening space, families from seed zones
that are highly threatened by ROD will be prioritized (Fig. 3).

Resistance testing in the field

Greenhouse trials provide important baseline insights into genotypic variation in disease
resistance and are necessary for quickly screening out families that are highly suscepti-
ble, which are likely to be the majority of families that are tested. However, greenhouse
trials will use young plants (2-3 years old) and artificial conditions for inoculating and
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monitoring these individuals, which may not accurately represent how disease resistance
will manifest under field conditions. For this reason, the ‘ODRP will initiate field trials
for Stage II screening with the goal of further testing less susceptible genotypes identified
during Stage I screenings. Stage II screening will be necessary for examining the durabil-
ity of resistance potentially present in candidate plants (Dudley et al. 2017; Sniezko and
Koch 2017), which is the effectiveness of resistance over time and space in the presence of
a potentially evolving pathogen (REX Consortium 2016; Sniezko and Koch 2017). ‘Ohi‘a
is a long-lived tree species, so the type of resistance present, whether resistance genes are
expressed more strongly at particular life stages of the host (i.e. adult plant resistance), and
the evolutionary potential of the pathogen will have an impact on the potential durability of
resistance (McDonald and Linde 2002).

‘Ohi‘a is a long-lived tree species, so the type of resistance present, such as adult plant
resistance, and the potential for pathogens to evolve and overcome it may impact it’s dura-
bility (MacDonald and Linde 2002). Different modes of infection can be evaluated in field
trials that include: (1) natural infection, i.e. pathogen introduced via inoculum present on
the site that infects naturally occurring wounds, (2) intentional wounding to provide a suit-
able infection court for infection by inoculum present on the site, and (3) using laboratory
produced inoculum of Ceratocystis applied to artificial wounds. Each has benefits, require-
ments, and method-specific monitoring requirements. For designs 1 and 2, field sites will
be located where ROD occurrence is high to improve the chances of planted trees being
challenged by the pathogens. This criterion will be applied to some extent to 3, as we will
not introduce the disease to a location that is free of ROD. Designs 1 and 2 will be use-
ful for testing resistance under pressure from naturally occurring inoculum but may take
decades to adequately assess. In the instance of 1, and 2 to a lesser extent, escapes would
be difficult to distinguish from truly resistant trees without destructive sampling of wood
tissues.

There are diverse considerations for the establishment of field trial sites. M. polymor-
pha varieties occur across a wide range of climatic and edaphic conditions, from desert to
sub-alpine and from newly formed lava substrates to Hawai‘i’s oldest soils (Cornwell et al.
2007; Fisher et al. 2007; Martin and Asner 2009; Morrison and Stacy 2014; Ekar et al.
2019; Stacy et al. 2020; Barton et al. 2020; Stacy and Johnson 2021). The ‘ODRP will con-
sider the likelihood of genetic differences among populations found along these gradients.
Due to the vast habitat range of the species, resource managers and conservation biolo-
gists prefer to outplant trees following geographic considerations, where M. polymorpha
for any field trials or for restoration are derived from local populations. For this reason, the
‘ODRP will identify a range of field sites for the establishment of disease resistance field
trials, and to the extent possible, rely on local seeds or cuttings from local plants. There
are clearly complications to this strategy, including the need to avoid introducing ROD to
new areas of M. polymorpha habitat range where ROD is not yet found. The proposed site
selection approach is different than that taken for field trials evaluating koa resistance to
Fusarium oxysporum. Specifically, the koa pathogen appears to be ubiquitous across the
lower elevation areas of koa’s range on Hawai‘i Island, Maui, O‘ahu, and Kaua‘i, while the
Ceratocystis species responsible for ROD still have a fairly limited range in the Hawaiian
archipelago.

Stage II ‘ODRP screenings of the will rely on seed zone-based strategies that account
for environmental variation found across M. polymorpha range, with the restriction that
field trial sites need to be established across Hawai‘i Island and on other islands only where
C. lukuohia and/or C. huliohia are already present. Because some islands are currently and
hopefully will remain ROD free, testing M. polymorpha genotypes, and other Metrosideros
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taxa, from those islands will require finding climatically and edaphically representative
field sites on a different island to ascertain whether disease resistance will be maintained
under site-specific conditions (Dudley et al. 2017; Sniezko and Koch 2017). Collaborat-
ing with governmental and non-governmental land managers will be vital for finding and
securing access to appropriate field sites.

Establishment of seed orchards

Demand for ROD-resistant M. polymorpha (and other Metrosideros taxa) is high amongst
‘ODRP partners, conservation organizations, and resource managers, so the ‘ODRP must
assess the size of the need, anticipate its future growth, and develop a program for pro-
ducing seeds and rooted cuttings for widespread use. Fortunately, a single ‘Ohi‘a tree can
produce hundreds of thousands of seeds in a single season, and is highly compatible with
a seed orchard-based approach to meeting demand. A seed orchard is a stand of disease-
resistant trees planted with the goal of producing seeds that inherit the resistance pheno-
type while promoting genetic diversity of resulting offspring through cross-pollination
between genetically different parent trees (Koch and Heyd 2013). The resulting genetic
variability will be key for maintaining long-term disease resistance and improve the resil-
iency of forests comprised of these offspring (Telford et al. 2015). If these two criteria are
met, then a network of seed orchards will be established to provide the first round of ROD-
resistant seeds for restoration.

Site selection for seed orchards will need to consider appropriate pairing of environmen-
tal conditions and climate to Metrosideros taxa. Ideally, seed orchards would be established
in the same seed zone that they were collected from and provide seeds for their respec-
tive regions, like establishment of seed orchards for wilt-resistant koa (Dudley et al. 2017;
2020). Establishment of seed orchards, from local seed sources when possible, on most of
the islands in the state would be an important tool for supplying local restoration efforts.
One challenge will be selecting the appropriate sites for seed orchards throughout the state.
Sites would, ideally, be eco-region specific and easily accessible by the entities maintaining
them. On Maui, for instance, seed orchards for ROD-resistant Metrosideros will be planted
in the same sites where current wilt-resistant koa seed orchards sites exist. A second chal-
lenge lies in providing the propagative material to start these localized orchards. A perma-
nent quarantine banning the movement of Metrosideros plants, plant parts, and soil from a
ROD-infested island to a ROD-free island has been in effect since 2016. These materials
can be transported under permit provided by the Hawai‘i Department of Agriculture, but
requires the material be free of ROD based on a destructive diagnostic qPCR test (Heller
and Keith 2018). Since all disease screening work will be done in areas where ROD is pre-
sent, permits will need to be obtained to send any propagative material, most likely seeds.

While seeds produced by initial ROD-resistant selections will satisfy the immediate
need for resistant ‘chi‘a in native forest restoration, selective breeding of the most resistant
families and successive breeding of those progeny can improve resistance (Carson and Car-
son 1989; Sniezko et al. 2012). If only partial resistance exists, recurrent selection of indi-
viduals that show the highest levels of resistance could produce offspring with similarly
high levels of resistance at a higher frequency. If multiple resistance mechanisms occur and
are heritable, trees containing these mechanisms could be selectively bred to form progeny
with combinations of the various disease resistance genes, known as pyramiding, to pro-
duce resistance with a higher likelihood of being durable (REX Consortium 2016). The
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establishment of seed orchards will allow the ‘ODRP to explore these potential avenues of
selective breeding to produce highly durable ROD-resistant seeds that will persist in the
landscape for decades.

For resistance characteristics that can be detected via remote sensing data, including
morphophysiological differences and any spectral-chemical indicators that may exist, high-
throughput phenotyping of the seed orchard plantings will be attempted via repeat collec-
tion of high-resolution imagery using aerial and ground-based sensors (Aasen et al. 2020;
Singh et al. 2020). Imagery-based phenotyping is becoming widely adopted in agricultural
and agroforestry settings (Ludovisi et al. 2017; Yang et al. 2017; Tsouros et al. 2019; Rallo
et al. 2020) and is increasingly being used in forestry and conservation (Santini et al. 2019;
Camarretta et al. 2020).

Understanding mechanisms of ROD resistance

Disease resistance is a biological arms race where pathogens and host defenses are con-
stantly coevolving to overcome each other (McDonald and Linde 2002; Anderson et al.
2010). Understanding the genetic basis and host defense mechanisms in a given pathosys-
tem can aid in the development of potentially durable, long-lasting resistance (Carson and
Carson 1989). Host resistance to disease can manifest in the form of major gene resist-
ance (MGR), often conferred by a single dominant gene, or quantitative disease resistance
(QDR), resistance conferred by multiple genes (Woodcock et al. 2018; Sniezko et al. 2020).
MGR confers complete resistance to a disease, but when it is overcome by a pathogen, all
of the previously resistant individuals become susceptible (Kinloch et al. 2004). QDR con-
fers partial resistance to a disease and is harder for a pathogen to overcome. These types
of resistance are not exclusive; it is possible for a host to express both MGR and QDR
(Vigoroux and Olivier 2004; Sniezko et al. 2014, 2020). A common resistance mechanism
in Ceratocystis pathosystems generally involves the occlusion of the pathogen within the
xylem by the rapid production of tyloses, phenolic compounds, and other defense com-
pounds, as seen in resistance responses of mango (Mangifera indica L.; Araujo et al.
2014a; Araujo et al. 2014b) and Eucalyptus urophyllaX E. grandis hybrids (Silva et al.
2020) to Ceratocystis fimbriata infection. In both cases, resistance is polygenic and thus,
QDR (Rosado et al. 2010; Arriel et al. 2016). Host anatomical factors such as xylem archi-
tecture has also been associated with resistance to vascular wilt diseases like Dutch elm
disease and Esca disease of grapevines, where smaller xylem vessels dimensions were
linked to quicker and more complete host xylem occlusion (Solla and Gil 2002; Pouzoulet
et al. 2014). In ‘ohi‘a, higher elevation populations were shown to contain smaller vessel
diameters (Fisher et al. 2007), which, coupled with cooler temperatures associated with
decreased fungal growth (Luiz and Keith 2020), may be associated with the less aggressive
expansion of ROD seen in high elevation sites. Further research is planned to investigate
the potential associations between climate, ‘Chi‘a xylem architecture, and susceptibility to
C. lukuohia.

Once ROD-resistant M. polymorpha are discovered and the groundwork has been laid to
satisfy initial stakeholder needs for trees that are resistant to ROD, research into the genetic
basis of ROD resistance can be conducted to improve breeding efforts. Several methods
for identifying trait-related loci, such as linkage mapping, linkage-disequilibrium mapping,
and studying gene expression via transcriptomics, proteomics, and metabolomics can be
employed to develop markers for rapid identification of ROD resistance in M. polymorpha
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individuals (Boshier and Buggs 2015). The ability to genetically identify ROD-resistant M.
polymorpha will speed up the process of a future breeding program and allow us to cull
any susceptible progeny without having to grow them to size and inoculate them (Boshier
and Buggs 2015).

Production of M. polymorpha that are resistant to both C. lukuohia and C. huliohia is
one of the main goals of the ‘ODRP, since both ROD pathogens are concerning to stake-
holders. While trees resistant to a single pathogen could be outplanted, trees resistant to
both pathogens will be the most useful and a safer investment for stakeholders, particularly
on Kaua‘i and Hawai‘i Island where both pathogens are present. Thus, resistance mecha-
nisms that are effective against both pathogens will be prioritized for study, breeding, and
production. It is possible that resistance to one pathogen does not confer resistance to the
other pathogen, and both mechanisms may not be present in the same tree. If this is the
case, selective breeding between C. lukuohia- and C. huliohia-resistant trees would need to
be conducted in an attempt to produce progeny that have both resistances in the event that
they do not already coexist in the same tree or use the same mechanism.

Community science involvement in resistance research

Community science can be an effective approach for overcoming limitations in program
resources while providing opportunities for community education on the ROD pathosys-
tem and inclusion of community members in the protection of their local forests (Ingwell
and Preisser 2011; Pike et al. 2021). Community science has been effectively used to aug-
ment the activities of several resistance programs, including those for Chestnut blight
(Westbrook et al. 2020) and Emerald ash borer (the Monitoring and Managing Ash Pro-
gram; monitoringash.org). Incorporating community science projects into the ‘ODRP will
be critical for maximizing operational output while building public awareness and support
for the program. The ‘ODRP has already established one community science project with
Teaching Change (teaching-change.org), an organization that provides environmental stew-
ardship experiences for public and private school students. This project focuses on teaching
students from local schools how to plant ‘Ohi‘a seeds and care for them. A portion of the
resulting seedlings are donated to the ‘ODRP for resistance screening, providing an oppor-
tunity for students to take part in critical research while increasing the program’s inventory
of ‘ohi‘a. There is potential to expand the scope of this work to include more volunteers
from local communities throughout the state (schools, community associations, environ-
mental organizations) and incorporate them into all aspects of disease research, from iden-
tification of potentially resistant trees in the wild to maintenance of ‘chi‘a seed orchards.
These activities take considerable financial and time investments to conduct, but with the
help of Hawai‘i’s local communities, the program can achieve greater outcomes than it
could achieve on its own.

Overall management strategy for ROD

Developing ROD-resistant ‘Ohi‘a is one part of the overall program to save Hawaii’s ‘hi‘a
forests. Statewide efforts are under way to control the spread of the pathogen through local
quarantines on movement of infected material and increased public education on bio-sanita-
tion for forest users. Tests are also being done on repellants to reduce beetle attack on infected
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trees and subsequent frass production. Since there is limited ability to control windblown
frass, efforts are also being made to reduce injuries to trees that can subsequently become
infected. Fencing more pristine forests and removing feral ungulates such as cattle, goats,
sheep, and pigs can reduce injury to trees, and fenced and protected forests have shown much
lower levels of disease than forests with high populations of feral animals (Perroy et al. 2021).
Natural ‘Chi‘a regeneration is occurring at higher elevation forests (above 1,000 m), and seed-
lings seem less susceptible to the diseases than larger trees (R. F. Hughes pers comm). For
most lower elevation forests, natural ‘chi‘a regeneration is largely absent, likely because of
competition with invasive species and the presence of diseases such as Austropuccinia psidii
(G. Winter) Beenken. Control of invasive plants and replanting with disease-resistant ‘chi‘a
and other native trees could restore limited areas of ecologically important forests and smaller
forests managed by private landowners. Ultimately, an integrated pest managment program
can be developed by incorporating all of the tools that have been or are currently being devel-
oped to combat ROD (ROD-resistant ‘Chi‘a, ambrosia beetle and feral ungulate control meth-
ods, ROD education and biosanitation protocols).

Conclusion

Due to the threat that ROD poses to the Hawaiian culture, ecology, and hydrology, there is
an urgent need for ROD-resistant ‘Ohi‘a. The time to produce such a product relies on the
frequency of natural resistance and the ability of the program to capture and develop it. This
will be achieved by the core activities of the ‘ODRP: short-term greenhouse screenings, long-
term field screening of survivors from greenhouse experiments, potential breeding of the most
resistant individuals to provide seed for restoration, research on the mechanisms responsible
for resistance, and the development of technology to rapidly detect ROD-resistant ‘Ghi‘a and
reduce the need for screenings. All of these objectives can be achieved with the valuable col-
laboration of entities that is the ‘ODRP. The support of our work by the local communities of
Hawai‘i and sustained funding will provide the ‘ODRP with the ability to complete such long-
term goals. The existence of M. polymorpha seedlings that have survived the initial disease
screenings in the greenhouse and survivor trees present in forests where ROD mortality is
high provide hope that we may be able to mitigate the effects of ROD through the deployment
of ROD-resistant ‘Ohi‘a.

Acknowledgements We thank the USDA Forest Service Region 5, Region 6 and the Pacific Southwest
Research Station, the Hawai‘i Community Foundation, and Hawai‘i Department of Forestry and Wild-
life for facility and financial support. Thanks to Cody Pacheco, Tyler Uehara, Nanea Thomas, Cherish
Keli‘iho‘omalu, and Zachary Cook for conducting field collections and greenhouse maintenance. We are
deeply appreciative of the access to the banked Metrosideros seeds provided by Laukahi: The Hawai‘i Plant
Conservation Network and the Rapid ‘Ohi‘a Death Seed Banking Initiative. We thank Susan Ching (DLNR
DOFAW), Anna Sugiyama (University of Hawai‘i at Manoa Lyon Arboretum), and Dustin Wolkis (National
Tropical Botanical Garden) for providing Metrosideros seeds from O‘ahu and Kaua‘i. Thanks to Alice Lin-
dahl, James Haefner, and the Leilani Estates community members who have volunteered and allowed the
‘ODREP to study their precious survivor ‘ohi‘a. Mention of trademark, proprietary product, or vendor does
not constitute a guarantee or warranty of the product by the U.S. Dept. of Agriculture and does not imply its
approval to the exclusion of other products or vendors that also may be suitable.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the

@ Springer



654 New Forests (2023) 54:637-660

material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aasen H, Kirchgessner N, Walter A, Liebisch F (2020) PhenoCams for field phenotyping: using very
high temporal resolution digital repeated photography to investigate interactions of growth, phe-
nology, and harvest traits. Front Plant Sci 11:593. https://doi.org/10.3389/fpls.20202.00593

Alfaro RI, King JN, vanAkker L (2013) Delivering Sika spruce with resistance against white pine weevil
in British Columbia, Canada. Forest Chron 89:235-245

Anderson JP, Gleason CA, Foley RC, Thrall PH, Burdon JB, Singh KB (2010) Plants versus pathogens:
an evolutionary arms race. Funct Plant Biol 20:499-512

Antwi-Boasiako C, Enninful R (2011) Effects of growth medium, a hormone, and stem cutting maturity
and length on sprouting in Moringa oleifera Lam. J Hortic Sci Biotechnol 86:619-625

Araujo L, Bispo WMS, Cacique IS, Cruz MFA, Rodrigues FA (2014a) Histopathological aspects of
mango resistance to the infection process of Ceratocystis fimbriata. Plant Pathol 63:1282-1295

Araujo L, Bispo WMS, Cacique IS, Moreira WR, Rodrigues FA (2014b) Resistance in mango against
infection by Ceratocystis fimbriata. Phytopathology 104:820-833

Arriel DAA, Guimardes LMDS, Resende MDVD, Neto FPL, Silva DFSHS, Siqueira DLD, Alfenas
AC (2016) Genetic control of resistance on Mangifera indica to Ceratocystis wilt. Sci Hortic
211:312-318

Asner GP, Martin RE, Keith LM, Heller WP, Hughes MA, Vaughn NR, Hughes RF, Balzotti C (2018) A
spectral mapping signature for the Rapid Ohia Death (ROD) pathogen in Hawaiian forests. Remote
Sens 10:404

Barnes I, Fourie A, Wingfield MJ, Harrington TC, McNew DL, Sugiyama LS, Luiz BC, Heller WP, Keith
LM (2018) New Ceratocystis species associated with rapid death of Metrosideros polymorpha in
Hawai‘i. Persoonia 40:154-181

Barton KE, Jones C, Edwards KF, Shiels AB, Knight T (2020) Local adaptation constrains drought toler-
ance in a tropical foundation tree. J Ecol. https://doi.org/10.1111/1365-2745.13354

Bonello P, Campbell FT, Cipollini D, Conrad AO, Farinas C, Gandhi KJK, Hain FP, Parry D, Showalter
DN, Villari C, Wallin KF (2020) Invasive tree pests devastate ecosystems—a proposed new response
framework. Front Glob Chang 3:2. https://doi.org/10.3389/ffgc.2020.00002

Bornhorst HL, Rauch FD (1994) Native Hawaiian plants for landscaping, conservation, and reforestation.
HITAHR research extension series 142, University of Hawai‘i, Honolulu

Boshier D, Buggs RJA (2015) The potential for field studies and genomic technologies to enhance resist-
ance and resilience of British tree populations to pests and pathogens. Forestry 88:27-40

Boyd IL, Freer-Smith PH, Gilligan CA, Godfray HCJ (2013) The consequence of tree pests and diseases for
ecosystem services. Science 342:1235773

Brill E, Hughes MA, Heller WP, Keith LM (2019) First report of Ceratocystis lukuohia on Metrosideros
polymorpha on the island of Kaua‘i, Hawai‘i. Plant Dis 103:2961

Burnett K, Wada C, Balderston A (2017) Benefit-cost analysis of watershed conservation on Hawai ‘I Island.
Ecol Econ 131:262-274

Burnett KM, Elshall AS, Wada CA, Arik A, El-Kadi A, Voss CI, Delevaux JMS, Bremer LL (2020) Incor-
porating historical spring discharge protection into sustainable groundwater management: a case
study from Pearl Harbor aquifer. Hawai‘i Front Water 2:14. https://doi.org/10.3389/frwa.2020.00014

Camarretta N, Harrison PA, Lucieer A, Potts BM, Davidson N, Hunt M (2020) From drones to pheno-
type: using UAV-LiDAR to detect species and provenance variation in tree productivity and structure.
Remote Sens 12:3184. https://doi.org/10.3390/rs12193184

Camp RJ, LaPointe DA, Hart PJ, Sedgwick DE, Canale LK (2019) Large-scale tree mortality from Rapid
Ohia Death negatively influences avifauna in lower Puna, Hawaii Island, USA. Condor. https://doi.
org/10.1093/condor/duz007

Carson SD, Carson MJ (1989) Breeding for resistance in forest trees—a quantitative genetic approach. Annu
Rev Phytopathol 27:373-395

Cavaleri MA, Ostertag R, Cordell S, Sack L (2014) Native trees show conservative water use relative to
invasive trees: results from a removal experiment in a Hawaiian wet forest. Conserv Physiol. https://
doi.org/10.1093/conphys/cou016

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.20202.00593
https://doi.org/10.1111/1365-2745.13354
https://doi.org/10.3389/ffgc.2020.00002
https://doi.org/10.3389/frwa.2020.00014
https://doi.org/10.3390/rs12193184
https://doi.org/10.1093/condor/duz007
https://doi.org/10.1093/condor/duz007
https://doi.org/10.1093/conphys/cou016
https://doi.org/10.1093/conphys/cou016

New Forests (2023) 54:637-660 655

Chau MM (2020) Rapid response to a tree seed conservation challenge in Hawai‘i through crowdsourc-
ing, citizen science, and community engagement. J Sustain Forest. https://doi.org/10.1080/10549811.
2020.1791186

Cordell S, Goldstein G, Mueller-Dombois D, Webb D, Vitousek PM (1998) Physiological and morphologi-
cal variation in Metrosideros polymorpha, a dominant Hawaiian tree species, along an altitudinal gra-
dient: the role of phenotypic plasticity. Oecologia 113:188-196

Corn CA, Hiesey WM (1973) Altitudinal variation in Hawaiian Metrosideros. Am J Bot 60:991-1002

Cornwell WK, Bhaskar R, Sack L, Cordell S, Lunch CK (2007) Adjustment of structure and function of
Hawaiian Metrosideros polymorpha at high vs. low precipitation. Funct Ecol 21:1063-1071

Costes E, Lauri PE, Simon S, Andrieu B (2013) Plant architecture, its diversity and manipulation in agro-
nomic conditions, in relation with pest and pathogen attacks. Eur J Plant Pathol 135:455-470. https://
doi.org/10.1007/s10658-012-0158-3

Dawson JW, Stemmermann L (1990) Metrosideros. In: Wagner WL, Herbst DR, Sohmer SH (eds) Man-
ual of the flowering plants of Hawai‘i. University of Hawai‘i Press, Honolulu, pp 964-970

DeBoer N, Stacy EA (2013) Divergence within and among 3 varieties of the endemic tree, ‘Ohi‘a lehua
(Metrosideros polymorpha) on the eastern slope of Hawai‘i Island. J Hered 104:449-458

Dudley NS, Jones TC, James RL, Sniezko RA, Cannon P, Borthakur D (2015) Applied disease screen-
ing and selection program for resistance to vascular wilt in Hawaiian Acacia koa. South Forests
77:65-73

Dudley N, Jones T, James R, Sniezko R, Wright J, Liang C, Gugger PF, Cannon P (2017) Applied
genetic conservation of Hawaiian Acacia koa: an eco-regional approach. In: Sniezko RA, Man G,
Hipkins V, Woeste K, Gwaze D, Liejunas JT, McTeague BA (eds) Gene conservation of tree spe-
cies—banking on the future, USDA for serv gen tech rep PNW-GTR-963, pp 78-91

Dudley N, Jones T, Gerber K, Ross-Davis AL, Sniezko RA, Cannon P, Dobbs J (2020) Establishment
of a genetically diverse, disease-resistant Acacia koa A. Gray seed orchard in Kokee, Kauai: early
growth, form, and survival. Forests 11:1276

Dumroese RK, Pinto JR, Jacobs DF, Davis AS, Horiuchi B (2006) Subirrigation reduces water use,
nitrogen loss, and moss growth in a container nursery. Nativ Plant J 7:253-261

Dumroese RK, Davis AS, Jacobs DF (2011) Nursery response of Acacia koa seedlings to container size,
irrigation method, and fertilization rate. J Plant Nutr 34:877-887

Dupuis JR, Pillon Y, Sakishima T, Gemmill CEC, Chamala S, Barbazuk WB, Geib SM, Stacy EA (2019)
Targeted amplicon sequencing of 40 nuclear genes supports a single introduction and rapid radia-
tion of Hawaiian Metrosideros (Myrtaceae). Plant Syst Evol 305:961-974

Ekar JM, Price DK, Johnson MA, Stacy EA (2019) Varieties of the highly dispersible and hypervariable
tree, Metrosideros polymorpha, differ in response to mechanical stress and light across a sharp
ecotone. Am J Bot 106:1-10

Fisher JB, Golstein G, Jones TJ, Cordell S (2007) Wood vessel diameter is related to elevation and geno-
type in the Hawaiian tree Metrosideros polymorpha (Myrtaceae). Am J Bot 94:709-715

Fortini LB, Kaiser LR, Keith LM, Price J, Hughes F, Jacobi JD, Friday JB (2019) The evolving threat of
Rapid ‘Ohi‘a Death (ROD) to Hawai‘i’s native ecosystems and rare plant species. For Ecol Manag
448:376-385

Freed LA, Fretz JS, Medeiros MC (2007) Adaptation in the Hawai‘i akepa to breed and moult during a
seasonal food decline. Evol Ecol Res 9:157-167

Friday JB, Herbert DA (2006) Metrosideros polymorpha (‘ohi‘a lehua). In: Elevitch CR (ed) Species
profiles for Pacific island agroforestry. Permanent Agriculture Resources (PAR), Holualoa

Friday JB, Keith LM, Hughes F (2015) Rapid ‘Ohi‘a Death (Ceratocystis Wilt of ‘Ohi‘a). UH-CTAHR
Research Extension Series PD-107

Ghelardini L, Luchi N, Pecori F, Pepori AL, Danti R, Della Rocca G, Capretti P, Tsopelas P, Santini A
(2017) Ecology of invasive forest pathogens. Biol Invasions 19:3183-3200

Gon SMO III (2013) Preface. In: Mueller-Dombois D, Jacobi JD, Bochmer HJ, Price JP (eds) Ohi‘a
lehua rainforest: born among Hawaiian volcanoes, evolved in isolation: xiii—xv. Friends of the
Joseph Rock Herbarium, Honolulu

Gruner DS (2004) Arthropods from ‘ohi‘a lehua (Myrtaceae: Metrosideros polymorpha), with new
records for the Hawaiian Islands. Bish Mus Occas Pap 78:33-52

Hansen EM, Reeser P, Sutton W, Sniezko RA (2012) Methods for screening Port-Orford-Cedar for
resistance to Phytophthora lateralis. In: Sniezko RA, Yanchuk AD, Kliejunas JT, Palmieri KM,
Alexander JM, Frankel SJ (eds) Proceedings of the 4th international workshop on genetics of host-
parasite interactions in forestry, USDA for serv gen tech rep PSW-GTR-240, pp 181-188

@ Springer


https://doi.org/10.1080/10549811.2020.1791186
https://doi.org/10.1080/10549811.2020.1791186
https://doi.org/10.1007/s10658-012-0158-3
https://doi.org/10.1007/s10658-012-0158-3

656 New Forests (2023) 54:637-660

Hart PJ, Woodworth BL, Camp RJ, Turner K, McClure K, Goodall K, Henneman C, Spiegel C, LeBrun
J, Tweed E, Samuel M (2011) Temporal variation in bird and resource abundance across an eleva-
tional gradient in Hawai‘i. Auk 128:113-126

Heller WP, Keith LM (2018) Real-time PCR assays to detect and distinguish the Rapid ‘Ohi‘a Death
pathogens Ceratocystis lukuohia and C. huliohia. Phytopathology 108:1395-1401

Heller WP, Hughes MA, Luiz BC, Brill E, Friday JB, Williams AM, Keith LM (2019) First report of
Ceratocystis huliohia causing mortality of Metrosideros polymorpha trees on the island of Kaua‘i.
Hawai‘i USA Forest Pathol 2019:e12546. https://doi.org/10.1111/efp.12546

Hu L, Yang L (2019) Time to Fight: molecular mechanisms of age-related resistance. Phytopathology
109:1500-1508. https://doi.org/10.1094/PHYTO-11-18-0443-RVW

Hughes MA, Smith JA (2014) Vegetative propagation of putatively laurel wilt-resistant redbay (Persea
borbonia). Nativ Plant J 15:42-50

Hughes MA, Juzwik J, Harrington TC, Keith LM (2020) Pathogenicity, symptom development, and col-
onization of Metrosideros polymorpha by Ceratocystis lukuohia. Plant Dis 104:2233-2241

Ingwell LL, Preisser EL (2011) Using citizen science programs to identify host resistance in pest-invaded
forests. Conserv Biol 25:182-188

Ishihara KL, Lee EKW, Borthakur D (2021) Induced resistance to Fusarium oxysporum in mechanically
stressed Acacia koa A. Gray seedlings. Physiol Mol Plant Pathol 113:101584. https://doi.org/10.
1016/j.pmpp.2020.101584

Jacobs DF, Dalgleish HJ, Nelson CD (2013) A conceptual framework for restoration of threatened plants: the
effective model of American chestnut (Castanea dentata) reintroduction. New Phytol 197:378-393

Jacobs DF, Davis AS, Dumroese RK, Burney OT (2020) Nursery cultural techniques facilitate restoration of
Acacia koa competing with invasive grass in a dry tropical forest. Forests 11:1124

Juzwik J, Hughes MA, Keith LM (2019) Rapid ‘ohi‘a death pathogens cause two distinct diseases on Metro-
sideros polymorpha in Hawai‘i. Phytopathol 109(S2):110-111

Kagawa A, Sack L, Duarte K, James S (2009) Hawaiian native forest conserves water relative to timber
plantation: species and stand traits influence water use. Ecol Appl 19:1429-1443

Kealiikanakaoleohaililani K, McMillen, H, Giardina CP, Francisco K (2019) Cultivating sacred kinship
to strengthen resilience. In: Campbell, LK, Svedsen E, Sonti NF, Hines SJ, Maddox D (eds) Green
readiness, response, and recovery: a collaborative synthesis. USDA for serv gen tech rep NRS-P-185,
pp 188-204

Keith LM, Hughes RF, Sugiyama LS, Heller WP (2015) First report of Ceratocystis wilt on ‘Ohi‘a (Metro-
sideros polymorpha). Plant Dis 99:1276

Kinloch BB, Sniezko RA, Dupper GE (2004) Virulence gene distribution and dynamics of the white pine
blister rust pathogen in western North America. Phytopathology 94:751-758

Koch JL, Heyd RL (2013) Battling beech bark disease: establishment of beech seed orchards in Michigan.
Newsl Mich Entomol Soc 58:11-14

Laukahi Hawai‘i Plant Conservation Network (2020) ‘Ohi‘a seed collection zones. https://laukahi.org/
ohiamaps/. Accessed 18 Sept 2020

Loo JA (2009) Ecological impacts of non-indigenous invasive fungi as forest pathogens. In: Langor DW,
Sweeney J (eds) Ecological impacts of non-native invertebrates and fungi on terrestrial ecosystems.
Springer, Berlin, pp 81-96

Loope L, Hughes F, Keith L, Harrington T, Hauff R, Friday JB, Ewing C, Bennett G, Atkinson C, Martin
C, Melzer M (2016) Guidance document for Rapid Ohia Death: background for the 2017-2019 ROD
strategic response plan. https://www.fs.fed.us/psw/publications/hughes/psw_2016_hughes006_loope.
pdfs. Accessed 15 Sept 2020

Lovett GM, Canham CD, Arthur MA, Weathers KC, Fitzhugh RD (2006) Forest ecosystem responses to
exotic pests and pathogens in eastern North America. Bioscience 56:395-405

Ludovisi R, Tauro F, Salvati R, Khoury S, Mugnozza Scarascia G, Harfouche A (2017) UAV-based thermal
imaging for high-throughput field phenotyping of black poplar response to drought. Front Plant Sci
8:1681. https://doi.org/10.3389/fpls.2017.01681

Luiz B, Keith LM (2020) Influence of culture media and temperature on growth and sporulation of Cerato-
cystis lukuohia. Pac Sci 74:389-394

Luiz B, Stacy EA, Keith LM (2020) Screening of Metrosideros polymorpha (‘ohi‘a) varieties for resistance
to Ceratocystis lukuohia. Forest Pathol 51:¢12656

Mabizela GS, Slabbert MM, Bester C (2017) The effect of rooting media, plant growth regulators and clone
on rooting potential of honeybush (Cyclopia subternala) stem cuttings at different planting dates. S
AfrJ Bot 110:75-79

Malo D (1903) Hawaiian antiquities (mo‘olelo Hawai‘i): pp 41. Emerson NB (trans.) Honolulu Hawaiian
Gazette Co. Ltd., Honolulu

@ Springer


https://doi.org/10.1111/efp.12546
https://doi.org/10.1094/PHYTO-11-18-0443-RVW
https://doi.org/10.1016/j.pmpp.2020.101584
https://doi.org/10.1016/j.pmpp.2020.101584
https://laukahi.org/ohiamaps/
https://laukahi.org/ohiamaps/
https://www.fs.fed.us/psw/publications/hughes/psw_2016_hughes006_loope.pdfs
https://www.fs.fed.us/psw/publications/hughes/psw_2016_hughes006_loope.pdfs
https://doi.org/10.3389/fpls.2017.01681

New Forests (2023) 54:637-660 657

Manion PD (1991) 12. Fungi as agents of tree disease: canker diseases. In: Rohrs-Richey JK (ed) Tree dis-
ease concepts, 2nd edn. Prentice-Hall Inc., Englewood Cliffs, pp 182-208

Martin JA, Sobrino-Plata J, Rodriguez-Calcerrada J, Collada C, Gil L (2019) Breeding and scientific
advances in the fight against Dutch elm disease: Will they allow the use of elms in forest restoration?
New for 50:183-215

Martin RE, Asner GP (2009) Leaf chemical and optical properties of Metrosideros polymorpha across envi-
ronmental gradients in Hawaii. Biotropica 41:292-301

McDonald BS, Linde C (2002) Pathogen population genetics, evolutionary potential, and durable resistance.
Annu Rev Phytopathol 40:349-379

McKenna JR, Ostry ME, Woeste K (2011) Screening butternut and butternut hybrids for resistance to but-
ternut canker. In: Fei S, Lhotka JM, Stringer JW, Gottschalk KW, Miller GW (eds) Proceeding, 17th
central hardwood forest conference, USDA For Serv Gen Tech Rep NRS-P-78, pp 460-474

McMillen HL, Campbell LK, Svedsen ES, Kealiikanakaoleohaililani K, Francisco KS, Giardina CP (2020)
Biocultural stewardship, Indigenous and local ecological knowledge, and the urban crucible. Ecol Soc
25:9

Morrison KR, Stacy EA (2014) Intraspecific divergence and evolution of a life-history trade-off along a suc-
cessional gradient in Hawaii’s Metrosideros polymorpha. J Evol Biol 27:1192-1204

Mortenson LA, Hughes RF, Friday JB, Keith LM, Barbosa JM, Friday NJ, Liu Z, Sowards TG (2016)
Assessing the spatial distribution, stand impacts and rate of Ceratocystis fimbriata induced ohi‘a
(Metrosideros polymorpha) mortality in a tropical wet forest, Hawai‘i Island, USA. For Ecol
Manag 377:83-92

Paxton EH, Laut M, Vetter JP, Kendall SJ (2018) Research and management priorities for Hawaiian for-
est birds. Condor 120:557-565

Percy DM, Garver AM, Wagern WL, James HF, Cunningham CW, Miller SE, Fleischer RC (2008) Pro-
gressive island colonization and ancient origin of Hawaiian Metrosideros (Myrtaceae). Proc R Soc
B 275:1479-1490

Perroy RL, Hughes M, Keith LM, Collier E, Sullivan T, Low G (2020) Examining the utility of visible
near-infrared and optical remote sensing for the early detection of Rapid ‘Ohi‘a Death. Remote
Sens 12:1846

Perroy RL, Sullivan T, Benitez D, Hughes RF, Keith LM, Brill E, Kissinger K, Duda D (2021) Spatial
patterns of ‘Ohi‘a mortality associated with Rapid ‘Ohi‘a death and ungulate presence. Forests
12:1035. https://doi.org/10.3390/£12081035

Pijut PM (2004) Vegetative propagation of butternut (Juglans cinerea) field results. In: Michler CH,
Pijut PM, Van Sambeek JW, Coggeshall MV, Seifert J, Woeste K, Overton R, Ponder F (eds) Black
walnut in a new century, proceedings of the 6th Walnut Council research symposium, USDA for
serv gen tech rep NC-243, pp 37-44

Pike CC, Koch J, Nelson CD (2021) Breeding for resistance to tree pests: successes, challenges, and a
guide to the future. J Forest 119:96-105

Pouzoulet J, Pivovaroff AL, Santiago LS, Rolshausen PE (2014) Can vessel dimension explain tolerance
toward fungal vascular wilt diseases in woody plants? Lessons from Dutch elm disease and esca
disease in grapevine. Front Plant Sci. https://doi.org/10.3389/fpls.2014.00253

Rallo P, de Castro Al, Lopez-Granados F, Morales-Sillero A, Torres-Sanchez J, Jiménez MR, Casanova
L, Suarez MP (2020) Exploring UAV-imagery to support genotype selection in olive breeding pro-
grams. Sci Hortic 273:109615. https://doi.org/10.1016/j.scienta.2020.109615

Ralph CJ, Fancy SG (1996) Aspects of the life history and foraging ecology of the endangered akiapo-
laau. Condor 98:312-321

Rauch FD, Niino K, McEwan J (1997) Vegetative propagation of yellow ohia lehua. CTAHR cooperative
extension service horticulture research note. University of Hawaii, Honolulu

REX Consortium (2016) Combining selective pressures to enhance the durability of disease resistance
genes. Front Plant Sci 7:1916

ROD Strategic Response Plan Sub-Committee (2016) Rapid ‘Ohi‘a Death strategic response plan 2017—
2019. https://www.ctahr.hawaii.edu/dl/rod/strategicresponseplanfinal.pdf. Accessed 7 Dec 2020

ROD Strategic Response Plan Sub-Committee (2020) Rapid ‘Ohi‘a Death strategic response plan
2020-2024. https://gms.ctahr.hawaii.edu/gs/handler/getmedia.ashx?moid==66598&dt=3&g=12.
Accessed 15 Sept 2020

Rosado CCG, Giumaraes LMDS, Titon M, Lau D, Rosse L, Resende MDVD, Alfenas AC (2010) Resist-
ance to Ceratocystis wilt (Ceratocystis fimbriata) in parent and progenies of Eucalyptus grandis X
E. urophylla. Genetica 59:99-106

@ Springer


https://doi.org/10.3390/f12081035
https://doi.org/10.3389/fpls.2014.00253
https://doi.org/10.1016/j.scienta.2020.109615
https://www.ctahr.hawaii.edu/dl/rod/strategicresponseplanfinal.pdf
https://gms.ctahr.hawaii.edu/gs/handler/getmedia.ashx?moid==66598&dt=3&g=12

658 New Forests (2023) 54:637-660

Roy K, Ewing CP, Hughes MA, Keith L, Bennet GM (2019) Presence and viability of Ceratocystis luku-
ohia in ambrosia beetle frass from Rapid ‘Ohi‘a Death-affected Metrosideros polymorpha trees on
Hawai ‘i Island. Forest Pathol 49:¢12476

Roy K, Jaenecke KA, Peck RW (2020) Ambrosia beetle (Coleoptera: Curculionidae) communities
and frass production in ‘Ohi‘a (Myrtales: Myrtaceae) infected with Ceratocystis (Microascales:
Ceratocystidaceae) fungi responsible for Rapid ‘Ohi‘a Death. Environ Entomol 49:1345-1354

Sakishima T (2015) Local adaptation of the Hawaiian endemic tree (Metrosideros polymorpha) across a
long elevation gradient. [Master’s thesis] University of Hawai‘i at Hilo, Hilo

Santini F, Kefauver SC, Resco de Dios V, Araus JL, Voltas J (2019) Using unmanned aerial vehicle-
based multispectral, RGB and thermal imagery for phenotyping of forest genetic trials: a case
study in Pinus halepensis. Ann App Biol 174:262-276

Showalter DN, Raffa KF, Sniezko RA, Herms DA, Leibhold AM, Smith JA, Bonello P (2018) Strategic
development of tree resistance against forest pathogen and insect invasions in defense-free space.
Front Ecol Evol 6:124

Silva AC, Betancourth BML, Ferreira DC, Elerati TL, Rodrigues FA, Alfenas AC (2020) Responses of
resistant and susceptible hybrid clones of Eucalyptus urophylla X Eucalyptus grandis to infection
by Ceratocystis fimbriata. Ann Sci 77:45

Singh A, Jones S, Ganapathysubramanian B, Sarkar S, Mueller D, Sandhu K, Nagasubramanian K
(2020) Challenges and opportunities in machine-augmented plant stress phenotyping. Trends Plant
Sci 26:53-69

Sniezko RA (2006) Resistance breeding against nonnative pathogens in forest trees—current successes
in North America. Can J Plant Pathol 28:5270-S279

Sniezko RA, Hamlin J, Hansen EM (2012) Operational program to develop Phytophthora lateralis-
resistant populations of Port-Orford-cedar (Chamaecyparis lawsoniana). In: Sniezko RA, Yan-
chuk AD, Kliejunas JT, Palmieri KM, Alexander JM, Frankel SJ (eds) Proceedings of the 4th
international workshop on genetics of host-parasite interactions in forestry, USDA for serv gen
tech rep PSW-GTR-240, pp 65-79

Sniezko RA, Smith J, Liu JJ, Hamelin RC (2014) Genetic resistance to fusiform rust in southern pines
and white pine blister rust in white pines—a contrasting tale of two rust pathosystems—current
status and future prospects. Forests 5:2050-2083

Sniezko RA, Koch J (2017) Breeding trees resistant to insects and diseases: putting theory into applica-
tion. Biol Invasions 19:3377-3400

Sniezko RA, Johnson JS, Reeser P, Kegley A, Hansen EM, Sutton W, Savin DP (2020) Genetic resist-
ance to Phytophtora lateralis in Port-Orford-cedar (Chamaecyparis lawsoniana)—basic building
blocks for a resistance program. Plants People Planet 2:69-83

Solla A, Gil L (2002) Xylem vessel diameter as a factor in resistance of Ulmus minor to Ophiostoma
novo-ulmi. Forest Pathol 32:123-134

Stacy EA, Johansen JB, Sakishima T, Price DK, Pillon Y (2014) Incipient radiation within the dominant
Hawaiian tree Metrosideros polymorpha. Heredity 113:334-342

Stacy EA, Johansen JB, Sakishima T, Price DK (2016) Genetic analysis of an ephemeral intraspecific
hybrid zone in the hypervariable tree, Metrosideros polymorpha, on Hawai‘i Island. Heredity
117:173-183

Stacy EA, Sakishima T (2018) Phylogeography of the highly dispersible landscape-dominant woody
species complex, Metrosideros, in Hawai‘i. J Biogeogr 46:2215-2231

Stacy EA, Sakishima T, Tharp H, Snow N (2020) Isolation of Metrosideros (‘Ohi‘a) taxa on O‘ahu
increases with elevation and extreme environments. J Hered 111:103-118

Stacy EA, Johnson MA (2021) Floral variation across three varieties of the landscape-dominant tree
Metrosideros polymorpha (Myrtaceae): insights from a Hawaii Island common garden. Int J Plant
Sci 182:46-58

Takahashi M, Giambelluca TW, Mudd RG, DeLay JK, Nullet MA, Asner GP (2011) Rainfall partition-
ing and cloud water interception in native forest and invaded forest in Hawai‘i Volcanoes National
Park. Hydrol Process 25:448-464

Telford A, Cavers S, Ennos RA, Cottrell JE (2015) Can we protect forests by harnessing variation in
resistance to pests and pathogens? Forestry 88:3—12. https://doi.org/10.1093/forestry/cpu012

Tribble G (2008) Ground water on tropical Pacific Islands—understanding a vital resource. US Geol
Surv Circ. https://doi.org/10.3133/cir1312

Tsouros DC, Bibi S, Sarigiannidis PG (2019) A review on UAV-based applications for precision agricul-
ture. Information 10:349. https://doi.org/10.3390/info10110349

U. S. Fish and Wildlife Service (1995) Lana‘i plant cluster recovery plan. U. S. Fish and Wildlife Ser-
vice, Portland

@ Springer


https://doi.org/10.1093/forestry/cpu012
https://doi.org/10.3133/cir1312
https://doi.org/10.3390/info10110349

New Forests (2023) 54:637-660 659

U. S. Fish and Wildlife Service (1996) Big Island plant cluster recovery plan. U. S. Fish and Wildlife
Service, Portland

U. S. Fish and Wildlife Service (1998) Recovery plan for O‘ahu plants. U. S. Fish and Wildlife Service,
Portland

Vaughn NR, Asner GP, Brodrick PG, Martin RE, Heckler JW, Knapp DE, Hughes RF (2018) An
approach for high-resolution forest mortality using laser-guided imaging spectroscopy. Remote
Sens 10:502

Vigoroux A, Olivier R (2004) First hybrid plane trees to show resistance against canker stain (Cerato-
cystis fimbriata f. sp. platani). Forest Pathol 34:307-319

Westbrook JW, Holliday JA, Newhouse AE, Powell WA (2020) A plan to diversify a transgenic blight-
tolerant American chestnut population using citizen science. Plants People Planet 2:84-95

Wingfield MJ, Slippers B, Roux J, Wingfield BD (2001) Worldwide movement of exotic forest fungi,
especially in the tropics and southern hemisphere. Bioscience 51:134-140

Wingfield MJ, Slippers B, Wingfield BD, Barnes I (2017) The unified framework for biological inva-
sions: a forest fungal pathogen perspective. Biol Invasions 19:3201-3214

Woodcock P, Cottrell JE, Buggs RJA, Quine CP (2018) Mitigating pest and pathogen impacts using
resistant trees: a framework and overview to inform development and deployment in Europe and
North America. Forestry 91:1-16

Yang G, Liu J, Zhao C, Li Z, Huang Y, Yu H, Xu B, Yang X, Zhu D, Zhang X, Zhang R, Feng H, Zhao X,
Li Z, Li H, Yang H (2017) Unmanned aerial vehicle remote sensing for field-based crop phenotyping:
current status and perspectives. Front Plant Sci 8:1111. https://doi.org/10.3389/fpls.2017.01111

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Blaine C. Luiz'® . Christian P. Giardina?® . Lisa M. Keith3 - Douglass F. Jacobs* -
Richard A. Sniezko® - Marc A. Hughes?® - James B. Friday’ - Philip Cannon? -

Robert Hauff’ - Kainana Francisco? - Marian M. Chau'® - Nicklos Dudley'" .

Aileen Yeh'' . Gregory Asner'? - Roberta E. Martin'? . Ryan Perroy'3 - Brian J. Tucker® -
‘Ale‘alani Evangelista*'# - Veronica Fernandez*'* - Chloe Martins-Keli‘iho‘omalu®'-
Kirie Santos''* - Rebekah Ohara'

Blaine C. Luiz
blaine @akakaforests.org
' Akaka Foundation for Tropical Forests, ‘Ohi‘a Disease Resistance Program, Hilo, HI 96720, USA

United States Department of Agriculture, Forest Service, Institute of Pacific Islands Forestry, Hilo,
HI 96720, USA

United States Department of Agriculture, Agricultural Research Service, Daniel K. Inouye Pacific
Basin Agricultural Research Center, Hilo, HI 96720, USA

Department of Forestry and Natural Resources, Hardwood Tree Improvement and Regeneration
Center, Purdue University, West Lafayette, IN 47907-2061, USA

United States Department of Agriculture Forest Service, Dorena Genetic Resource Center,
Cottage Grove, OR 97424, USA

Pacific Cooperative Studies Unit, Research Corporation of the University of Hawai‘i, Hilo,
HI 96720, USA

Department of Natural Resources and Environmental Management, Komohana Research
and Extension Center, College of Tropical Agriculture and Human Resources, University
of Hawai‘i at Manoa, Hilo, HI 96720, USA

@ Springer


https://doi.org/10.3389/fpls.2017.01111
http://orcid.org/0000-0002-2525-1864
http://orcid.org/0000-0002-3431-5073

660 New Forests (2023) 54:637-660

United States Department of Agriculture, Forest Service, Forest Health Protection, Vallejo,
CA 94592, USA

Division of Forestry and Wildlife, Hawai‘i Department of Land and Natural Resources, Honolulu,
HI 96813, USA

10" Kalehua Seed Conservation Consulting, Aiea, HI 96701, USA
" Hawai‘i Agriculture Research Center, Waipahu, HI 96797, USA

Center for Global Discovery and Conservation Science, Arizona Statue University, Tempe,
AZ 85287, USA

Department of Geography and Environmental Science, University of Hawai‘i at Hilo, Hilo,
HI 96720, USA

4 Kupu, Honolulu, HI 96813, USA

@ Springer



	A framework for establishing a rapid ‘Ōhi‘a death resistance program
	Abstract
	Introduction
	‘Ōhi‘a: ecology, hydrology and cultural importance
	Rapid ‘Ōhi‘a Death
	Biology of the ROD pathogens
	Dispersal and transmission of the ROD pathogens
	Epidemiology of ROD
	Rapid ‘Ōhi‘a Death and disease resistance research
	Operationalizing ROD-resistance methodologies for Metrosideros screening
	Inoculation methodology
	Operationalizing propagation and culture of M. polymorpha
	Resistance screening of survivor M. polymorpha trees
	Remote sensing and pre-screening of survivor trees
	Statewide Metrosideros screening
	Resistance testing in the field
	Establishment of seed orchards
	Understanding mechanisms of ROD resistance
	Community science involvement in resistance research
	Overall management strategy for ROD
	Conclusion
	Acknowledgements 
	References




