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Director’s Letter

Aloha Kākou! 

Aloha Kākou. We are pleased to share with 
you our 2021 Tropical HTIRC Annual Report, 
which is the fourth annual report produced by 
our center to help promote communications 
and highlight each year’s progress and 
developments.

In last year’s annual report, I was optimistic 
that we would soon be beyond the COVID-19 
pandemic and could return to a “near normal” 
with our field research and extension / 
outreach activities.  After postponing our 
winter annual meeting to spring and then 
summer, we finally decided to cancel – and 
instead met over summer as a smaller hui.  
Luckily, the COVID situation is now easing 
and we just held our 2022 Tropical HTIRC 
Annual Advisory Committee meeting at 
Hāloa ʻĀina! 

In 2021, we added two members to 
our Tropical HTIRC Steering / Advisory 
Committee, which provides guidance 
on the strategic directions of the center, 
prioritization of research themes, and 
staffing.  Kualiʻi Camara with the Department 
of Hawaiian Home Lands (DHHL) will help to 
ensure that we continue to maintain our long-
time collaborations with DHHL. Neil Hannahs, 
Paniolo Tonewoods, has deep experience in 
Hawai‘i and will provide important insight on 
landowner perspectives, cultural worldview, 
and community engagement.  

During 2021, we also worked collectively 
to develop our 2022-2026 Tropical 
HTIRC strategic plan, which outlines our 
strategic objectives over the next five 
years in research/development, education, 
extension, and capacity building. We 
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intend to pursue new lines of research 
with ‘iliahi (sandalwood) and ‘ōhi‘a, while 
also maintaining a strong program in koa.  
We will also continue to emphasize our 
graduate training opportunities at Purdue 
University and University of Hawai‘i at 
Mānoa.  We will work hard to recruit local 
(and Native) Hawai‘i students that are 
likely to pursue careers working on natural 
resource issues in Hawai‘i. 

We continue to maintain a productive, 
diverse staff of Tropical HTIRC graduate 
students and scientists – see their profiles 
and project reports below.  Achyut Adhikari 
(University of Hawai‘i at Mānoa) defended 
his MS thesis on koa disease resistance 
and is working to publish his research; 
he has since begun a PhD program at 
UH Mānoa.  Aziz Ebrahimi continues his 
dissertation research at Purdue and is now 
working to publish his research on frost 
tolerance in koa populations.  Rebekah 
Ohara (and Alan) welcomed Zentarō 
Keahepā‘olu Dickens Ohara to the world 
on April 23, 2021!  Bekah continues her 
dissertation research on community 
managed forests at Purdue, while also 
serving as CEO of Akaka Foundation for 
Tropical Forests.  Dr. Indira Paudel is 
working to publish a complex study on 
eco-physiology of resource co-limitation 
among koa populations across elevation 
gradients. Dr. Kyle Rose, part-time research 
scientist, (and Carmen) welcomed Casper 
Bachman Rose to the world on September 
26, 2021! Kyle continues to collaborate 
on ‘iliahi research and we are working to 
publish our research on koa grafting.  Kylle 
Roy, Alfred P. Sloan Scholar, continues her 
dissertation research at Purdue studying 

chemical ecology of beetles, fungi, and ʻōhiʻa 
trees in association with Rapid ʻŌhiʻa Death 
(ROD).  She just successfully passed her 
preliminary exams and has now advanced 
to doctoral candidacy!  In March 2021, Emily 
Thyroff also became a doctoral candidate 
at University of Hawai‘i at Mānoa, after 
successfully defending her dissertation 
research proposal on ‘iliahi restoration 
at Kealakekua Mountain Reserve.  Tawn 
Speetjens also continued his MS research 
at Purdue on ‘iliahi, working collaboratively 
with Hāloa ‘Āina to improve nursery cultural 
practices and field establishment.  During 
2021, Tawn was also named an Alfred P. 
Sloan Scholar through the Sloan Foundation 
Indigenous Graduate Partnership!

In this Annual Report, we highlight our 
2021 accomplishments from a diversity 
of projects designed to meet our research, 
extension, and education strategic 
objectives for tropical hardwoods, as 
presented in the 2017-2021 Tropical HTIRC 
strategic plan.  Our projects continue to 
emphasize koa, a keystone Hawai‘i native 
forest canopy tree.  We provide updates 
on ongoing research with koa including 
cold tolerance, population ecophysiology, 
seed scarification, disease resistance, and 
grafting.  We also describe a large, multi-
partnered effort investigating community-
based forests management in Hawai‘i.  A 
shift in the last few years is our emphasis 
on other important native Hawai‘i forest 
trees.  We describe projects to better 
understand ‘iliahi regeneration, focusing on 
nursery nutrition, haustoria development, 
and relationship with host species.  We also 
provide updates on ʻōhiʻa research, including 
ROD disease resistance and chemical 
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ecology of ROD.  We will continue to provide 
updates on these projects in future Tropical 
HTIRC annual reports.

During 2021, most of our in-person 
extension and outreach programs were 
again postponed due to COVID.  Instead, 
we emphasized Extension publication 
as described below, including a detailed 
propagation and planting guide to ‘iliahi 
published in Tree Planter’s Notes.  We also 
maintained communications through our 
newly revised Tropical HTIRC website.  
We are excited to resume our field days, 
workshops, and symposia as these activities 
are core to our mission.  We expect to 
continue our two-day annual Tropical HTIRC 
advisory committee meeting and field tour 
and stay closely connected to our partners.    

Mahalo for your collaborations and 
commitment to Hawai‘i forests.

Nursery experiment for ‘iliahi at Hāloa ‘Āina in August 2021.

Douglass F. Jacobs 
Director, Tropical HTIRC

Koa used as host species for planting of ‘iliahi at the 
Kealakekua Mountain Reserve.
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The role of the committee is to provide guidance on the strategic directions of the center, 
prioritization of research themes, and staffing. The committee is comprised of members 
representing diverse groups associated with ecology and management of Hawai‘i’s forests.  
Many of the committee members are active collaborators on Tropical HTIRC research and 
extension projects.

Tropical HTIRC Advisory / Steering Committee

Member Title, Institution

Steve Bergfeld Hawaiʻi Island Branch Manager, DLNR Division of Forestry and Wildlife

Kualiʻi Camara Department of Hawaiian Home lands

Phil Cannon Forest Pathologist, USDA Forest Service, Pacific Southwest Region

Nicholas Comerford Dean, College of Tropical Agriculture and Human Resources, University of Hawaiʻi at 
Mānoa

Michael Constantinides State Forester, USDA Natural Resources Conservation Service, Pacific Islands Area

Susan Cordell Director, Institute of Pacific Islands Forestry, USDA Forest Service, Pacific Southwest 
Research Station

Nicklos Dudley Forester and Maunawili Experiment Station Manager, Hawaiʻi Agriculture Research 
Center

J.B. Friday Extension Forester, University of Hawaiʻi at Mānoa

Christian Giardina Research Ecologist, USDA Forest Service, Pacific Southwest Research Station

Matt Ginzel Professor and HTIRC Director, Entomology and Forestry and Natural Resources, 
Purdue University

Diane Haase Western Forest Nursery Specialist, USDA Forest Service, Pacific Northwest Region

Neil Hannahs Paniolo Tonewoods

Robert Hauff Protection Manager, DLNR Division of Forestry and Wildlife

Travis Idol Associate Professor of Tropical Forestry and Agroforestry, University of Hawaiʻi

Nicholas Koch  Research and Specialty Consulting, Forest Solutions, Inc.

Creighton M. Litton Professor of Ecosystem Ecology, University of Hawaiʻi at Mānoa

Robert K. Masuda First Deputy Director, DLNR

Irene Sprecher Forest Program Manager, DLNR Division of Forestry and Wildlife

Robert Wagner Department Head, Forestry and Natural Resources, Purdue University
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Achyut Raj Adhikari successfully completed his MS 
degree in the Department of Plant and Environment 
Protection Sciences at the University of Hawai‘i at 
Mānoa.  Achyut received his BS from the Tribhuvan 
University, Nepal, in 2014. He has worked for crop 
biodiversity conservation and livelihood improvement 
of farming communities of Western Himalayas 
and mid-hills of Nepal. Achyut is interested in the 
management of biotic and abiotic stress in plants 
of agriculture and ecological importance through 
sustainable solutions. Achyut’s MS thesis focused 
on the breeding of Acacia koa for Fusarium wilt 
resistance. He made crosses among selected 
parents of koa at Hāmākua research station on 
the island of Hawai’i and screened offspring under 
Fusarium oxysporum inoculated growing media. 
He also studied the expression of chitinase genes 
among individual families screened for resistance. 
He is now working to publish his MS thesis research. 
Achyut is currently studying plant and pathogen 
interactions for his PhD dissertation.

Aziz Embrahimi is a Ph.D. student at Purdue 
University, studying the physiology and genes 
related to cold tolerance in koa and analyzing the 
whole genome of the Juglandaceae family. Aziz’s 
interests are in landscape genomics, phylogeny, and 
the evolution of tree species.  Aziz is using genetics, 
genomics, and bioinformatics tools to address 
two critical steps for increasing the success of koa 
restoration at high elevation: characterization of 
koa genetic diversity across an elevational gradient, 
and the identification and characterization of genes 
influencing seedling cold tolerance.

Tropical HTIRC Staff
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Rebekah Ohara is a PhD candidate in the 
Forestry and Natural Resources Department at 
Purdue University focusing on the pathways and 
opportunities for community-managed forests in 
Hawai‘i. She is the CEO for the Akaka Foundation 
for Tropical Forests, a nonprofit organization with 
a vision of vibrant forest communities alive with the 
voices of Hawai‘i from one generation to the next. 
Rebekah received her B.A. in Anthropology in 2009 
from Humboldt State University (HSU), and in 2013 
she completed her M.A. in Social Science at HSU’s 
Environment and Community Program, focusing on 
the social and ecological considerations of tropical 
forest conservation in Ecuador. Rebekah previously 
served as a Teacher’s Assistant and Field Guide for 
HSU’s Primate Field School at the Organization for 
Tropical Studies in Costa Rica.

Dr. Indira Paudel is a post-doctoral scholar in the 
Department of Forestry and Natural Sciences at 
Purdue University. Indira is a native of Nepal. Before 
she joined Purdue, she completed her graduate 
studies from Hebrew University of Jerusalem, and 
her first post-doc fellow training from the Weizmann 
Institute of Science, Israel. She is working on the 
response of hardwood species to climate change, 
focusing on effects of precipitation and temperature 
variability. In addition, she is studying the 
ecophysiology of Acacia koa in response to resource 
variation across elevational gradients in response 
to resource variation across elevational gradients in 
Hawai‘i.
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Dr. Kyle Rose is a research scientist with Tropical 
HTIRC (part-time) and the Conservationist Manager 
with the New Mexico State Land Office in Santa Fe, 
New Mexico. Kyle was a Peace Corps Volunteer in 
Honduras before receiving his MS from Michigan 
Technological University and PhD from Purdue 
University. In Hawai‘i, Kyle studies developmental 
heteroblasty, plasticity of koa, and how silviculture 
can be used to promote increased survival and 
performance of koa on harsh and favorable sites. He 
is also interested in income generation through the 
development of silvicultural systems for afforestation 
of abandoned pasture land and rehabilitation of 
degraded native forests. Ultimately, he hopes that 
his work provides solutions for forest management 
while balancing the complex social, ecological, and 
economic decision space of Hawai‘i. He is also 
leading projects related to clonal propagation of koa 
and sandalwood restoration.

Kylle Roy is a second-year PhD student at Purdue 
University in the Department of Forestry and 
Natural Resources. She is both an Alfred P. Sloan 
Scholar as well as a Purdue Doctoral Scholar. Kylle 
is studying the chemical ecology of beetles, fungi, 
and ʻōhiʻa trees in association with Rapid ʻŌhiʻa 
Death (ROD). She hopes to develop management 
strategies for controlling the spread of ROD. Born 
and raised in Hawaiʻi, Kylle has a general interest 
in conservation of Hawaiian forests, especially in 
relation to entomology, disease, and molecular tools. 
Kylle is also a pathways intern at the U.S. Geological 
Survey Pacific Island Ecosystem Research Center in 
Hawaiʻi Volcanoes National Park, HI. She has a MSc 
in Tropical Conservation Biology and Environmental 
Science from the University of Hawaiʻi at Hilo 
and a BS in Biological Sciences and a minor in 
Environmental Science from Chapman University in 
Orange, CA.
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Emily Thyroff is a PhD Candidate at the University of 
Hawai‘i at Mānoa. She earned a BS in biology from 
James Madison University and a MS in forest biology 
from Purdue University. In 2019, Emily began her PhD 
program by building a foundation to work on tropical 
dry forest restoration with regeneration of endemic 
Santalum species, known as ‘iliahi or Hawaiian 
sandalwood. In 2020, Emily installed greenhouse and 
field experiments to better understand relationships 
between ‘iliahi and native forest communities. In 
2021, Emily continued these experiments and began 
synthesizing results and key takeaways. She will 
continue this work into 2022. Emily’s dissertation 
comittee is comprised of Drs. Travis Idol, Douglass 
Jacobs, Simon Landhäusser, JB Friday, and Kasey 
Barton.

Tawn Speetjens is a MS student with the Department 
of Forestry and Natural Resources at Purdue 
University. He was born and raised on the Big island 
of Hawaiʻi and graduated from the University of 
Hawaiʻi, Hilo in 2009 with a BS in Biology focused 
on Ecology, Evolution, and Conservation Biology. He 
has worked extensively throughout Hawaiʻi’s diverse 
ecosystems. Some highlights include working for 
the USFWS on Laysan Island in the northwestern 
Hawaiian Islands, banding forest birds at the 
Hakalau National Wildlife refuge, and conducting 
watershed management with the Kohala Watershed 
Partnership. Prior to his enrollment at Purdue 
University, he worked as a Biologist with the Hāloa 
ʻĀina Reforestation Project where he was introduced 
to the unique challenges of growing Hawaiian 
sandalwood species (ʻIliahi). Tawn has a passion for 
growing Hawaiʻi’s native plants and is interested in 
the development of propagation techniques for ʻIliahi. 
His research examines 1) the effects of chelated 
iron treatments, controlled release fertilizers, and 
hosts on ʻiliahi seedling morphology and haustoria 
development and 2) the effect of established koa 
hosts and haustoria presence on the success of 
`Iliahi field planting.
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1. Improve the genetic quality of tropical hardwoods, especially Acacia koa, through use 
and refinement of traditional methods and molecular genetics.

2. Develop advanced nursery propagation and seed production technologies to improve 
the field establishment success of tropical hardwood reforestation / restoration and 
allow for efficient production of genetically improved trees. 

3. Establish a system of native species research and demonstration trials (e.g., on the 
Hawai‘i Experimental Tropical Forest) for education and training of consultant and 
industrial foresters, nursery practitioners, conservation biologists, and public and 
private landowners in silviculture and regeneration techniques.

4. Educate future leaders in tree improvement, management, and protection of tropical 
hardwood forests.

5. Engage our stakeholders and address their needs by communicating research findings 
and management recommendations.

Strategic Directions
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Tropical HTIRC Program Structure / Road Map
We aim to address these themes in an interconnected way for native Hawai‘i forest trees 
including koa, ʻōhiʻa, and `Iliahi.
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Tropical HTIRC Projects
Progress in 2021

Koa Cold Tolerance 
Natural populations of koa have severely 
declined due to intensive harvesting and 
land clearing for agriculture, and other land 
uses. The climate is relatively unpredictable 
at higher elevation sites in Hawai‘i, and 
exposure of planted seedlings to winter 
frost may reduce survival and result in 
failed restoration projects. An improved 
understanding of potential cold tolerance 
within and among remaining koa populations 
may help to restore koa in such high 
elevation sites. 

Aziz Ebrahimi, a Ph.D. student, evaluates 
the level of cold tolerance of koa through 
physiology and genome analysis. Our 
objectives in this project are to determine 

1) the degree to which koa develops cold 
hardiness as a mechanism to tolerate frost, 
2) whether populations of koa from higher 
elevations show greater cold tolerance than 
koa populations from lower elevations, 3) the 
extent to which exposure to environmental 
conditions to induce hardening may 
affect cold tolerance, and 4) how these 
populations are related genetically and the 
gene expression of cold hardy genes across 
elevations.  In addition to the information 
in the previous report, Aziz’s study has 
continued to focus on: 1) the level of cold 
hardiness through whole-plant physiology 
analysis, and 2) genetic diversity across the 
elevation cline using cold-hardy genes with 
Wide-seq sequencing methods. 
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ASSESSING COLD HARDINESS THROUGH 
A WHOLE-PLANT FREEZING TEST 

Two types of seedlings, non-acclimated 
(grown in a greenhouse) and cold-acclimated 
(exposed to controlled temperatures), 
were used for the freezing assessment 
tests. Entire seedlings were placed in a 
programmable chest freezer for assessing 
damage at 4, -5, -10, and -20°C. Seedlings 
treated at freezing temperatures were 
kept in the greenhouse for 80 days to 
evaluate survival and damage rates.  We 
found that cold tolerance increased after 
cold acclimation for all elevations, but the 
tolerance level increased with elevation. 
Furthermore, we identified that shoot 
damage in acclimated seedlings is lower 
than in non-acclimated seedlings for all the 
elevations.

ANALYSIS OF GENETIC RELATIONSHIPS 
OF KOA POPULATIONS USING COLD-
HARDY GENES

Koa individuals from different elevations 
were used to assess genetic diversity. We 
used cold-hardy genes through wideseq 
sequencing methods to evaluate the 
genetic relationship of koa populations with 
each other. The level of genetic diversity 
and detected cold hardy genes in middle 
elevation seedlings was greater than for low 
and high elevation seedlings. The number 
of cold-hardy genes mapped to the genome 
across the elevation revealed that the middle 
elevation seedlings contributed more than 
lower and high elevation seedlings. These 
samples had higher genetic diversity as well. 
Although we expected the higher elevation 
samples to have more cold-hardy genes, the 
lower genetic diversity decreased the number 
of cold-hardy genes across the genome of 

those samples. We conclude that the level 
of genetic diversity and detected cold hardy 
genes in middle elevation seedlings is greater 
than for low and high elevation seedlings. 

Koa seedlings from different elevation zones grown 
in a greenhouse for evaluation of cold hardiness.
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Koa Population Ecophysiology

The selection of koa (Acacia koa) 
populations that perform well under 
the limitation of multiple resources in 
specific populations may help to benefit 
restoration efforts. Indira Paudel, post-
doctoral researcher at Purdue University, 
continued her research to study interactions 
between colimitation of resources and 
koa responses. The overall goals of this 
study were to test the physiological, 
biochemical, and morphological responses 
of different populations of Acacia koa to 
co-limiting conditions of light, nitrogen, 
and soil moisture.  The koa populations 
were collected along a large elevational 
gradient (1017, 4002, and 6463 ft), under 
the assumption that these populations have 
undergone genetic selection to the prevailing 
site conditions. 

The specific objectives were: 1) to determine 
if there are elevational adaptations of 

functional traits among populations and 2) 
to characterize whether these population-
level adaptations result in distinct and 
advantageous response strategies when 
exposed to co-limiting resource conditions. 
She hypothesized that populations from 
dissimilar environments have evolved distinct 
functional traits due to local adaptation. 
Adaptive plasticity in functional traits will 
thus determine seedling performance to 
co-limitation of multiple resources, and 
seedlings will perform better when growing 
in environments best matched to their seed 
source environments. 

Light response curves and gas exchange, 
water and nitrogen status, resource use 
efficiency, shoot non-structural carbohydrate, 
and growth, including biomass allocations, 
were quantified. In 2021, she continued 
to work on interpretation of results and 
development of a manuscript to be 

Leeward side, lower elevation koa.
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koa population ecophysiology greenhouse experiment.

submitted for publication in an international 
journal during 2022.  Preliminary results 
indicate that koa populations along an 
elevational clinal gradient vary considerably 
in response to co-limitation of two or three 
resources. Specifically, the low elevation 
population was more sensitive to conditions 
where moisture and nutrient resources were 
co-limiting. In contrast, the high elevation 
population was more sensitive to conditions 
where light and moisture and/or light and 
nitrogen were limiting.  The mid elevation 
population was not responsive to any of the 
resource colimiting conditions.

These findings support the notion that 
multiple resource colimitation theory 
proposed at the species and community 
level, rather than the traditional view of 
single limiting resources, may also apply 
to populations within species. This likely 
represents the adaptation of different 

populations to specific environmental 
limitations across highly heterogeneous 
environments, which occur across a short 
distance in koa’s natural range. This data 
suggests that the limitation of multiple 
resources is an important aspect when 
planning successful restoration efforts. The 
results further support use of population-
based seed zones in restoration, as seedlings 
respond to their seed source environments in 
any resource co-limiting environments.



2021 Annual Report

www.trophtirc.org

Tropical Hardwood Tree Improvement & Regeneration Center18

Koa Seed Scarification
Seeds of many legumes, including Acacia 
koa, require scarification so that their hard 
seed coats are able to absorb water for 
germination. Manual scarification (e.g., using 
sand paper or file) is normally an easy and 
reliable way to scarify these seeds but it is 
impractical for treating the large number of 
seeds needed for large-scale restoration. 
Exposure to hot water is another easy and 
cheap way to scarify these seeds but the 
optimal conditions are species-specific, 
and may also depend on the seed source 
for a polymorphic species like koa. Overly 
benign conditions would be less effective 
and may require repeated treatments to 
imbibe seeds while overly intense conditions 
would kill the seeds and may cause negative 
consequences on seedling development and 
performance. Optimal scarification condition 
should allow rapid and synchronous 
germination of seeds and maximize vigorous 
seedlings but the effects of scarification 
treatments beyond germination as well as 
the consequence of repeated exposure of 
unimbibed seeds to hot water are largely 
unknown.

As part of her post-doctoral research, Dr. 
Anna Sugiyama tested whether optimal 
scarification conditions for koa seeds could 
be predicted by elevation of their mother 
(source) trees. To compare scarification 
conditions, she exposed koa seeds to hot 
water between 90°C and 100°C for 1 minute, 
or boiled (i.e., maintaining at 100°C) seeds for 
30 seconds to 2 minutes, and repeated this 
until the seeds imbibed up to 15 times. She 
recorded imbibition percentage, germination 
percentage, germination time, seedling 

abnormalities, early mortality, seedling 
growth, and seedling survivorship to evaluate 
scarification responses. To identify optimal 
scarification conditions by considering all 
of these measures simultaneously, she 
developed a scarification index (SI), which 
ranges between 0 and 1, with highest SI 
value suggesting the optimal scarification 
condition.

On average, koa seeds germinated about a 
week after being scarified. Although there 
was substantial variation among sources, 
seeds from lower elevation sources overall 
required more intense scarification, likely due 
to differences in seed coat characteristics. 
Koa seeds did not readily imbibe when simply 
exposed to hot water once between 90°C and 
100°C for 1 minute. Previously recommended 
treatment of soaking koa seeds in 90°C 
water for 1 to 3 minutes would have resulted 
in fewer than 25% of seeds imbibing after the 
first attempt or fewer than 60% even after 
15 attempts for seeds from nine sources 
used in this study. On the other hand, boiling 
seeds was effective for imbibing seeds but 
it also substantially reduced germination 
percentages. Seeds that imbibed without any 
treatment (likely due to non-visible seed coat 
damage) germinated at the same level as 
manually filed seeds (control) but produced 
poor seedling quality. Negative effects of 
repeated exposure to 90°C to 100°C water 
were not detected by germination but were 
detected at later stages in early mortality 
and seedling performance (growth and 
survivorship). Overall, abnormalities in 
seedling development due to hot water 
treatments were rare, likely because seeds
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Scarification treatments in the lab (left), koa seeds with abnormal germination (right).

that were negatively affected by hot water 
died, though abnormalities increased with the 
treatment intensity.

Anna also found that there is a potential 
for screening promising seeds/seedlings 
based on the number of attempts needed 
to scarify the seeds. Seeds that imbibed 
without treatment germinated and survived 
well but the resulting seedlings grew poorly. 
The same was true for seeds that did not 
imbibe after 15 attempts and were subjected 
to manual filing. If obtaining vigorous 
seedlings is the goal, these seeds could be 
excluded to save resources in the nursery. 
Seeds that were boiled for 30 seconds to 2 
minutes repeatedly also never germinated 
after four to six attempts so those seeds 
could also be discarded without further 
repeating treatments. Overall, exposure to 
100°C water (without boiling seeds) for 1 
minute generated the best SI values, but 
the best treatment differed by elevation. 

Considering the variations in optimal 
scarification conditions, pre-trials are always 
recommended, and soaking seeds in room 
temperature water overnight before treating 
them with hot water would allow detection 
of poor seedling growth and non-visible 
seed damage to avoid any unnecessary 
treatments. If the number of seeds is too 
small to allow pre-trials, one can expose the 
seeds to 100°C water for 1 minute once or 
twice and then manually file the remaining 
non-imbibed seeds, which will still reduce the 
labor.

This work was published in:  Sugiyama A, 
Friday JB, Giardina CP and Jacobs DF (2021) 
Intraspecific variation along an elevational 
gradient alters seed scarification responses 
in the polymorphic tree species Acacia koa. 
Front. Plant Sci. 12:716678. doi: 10.3389/
fpls.2021.716678
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Koa Breeding for Fusarium Wilt Resistance

During his MS degree at University of Hawai’i, 
Achyut Adhikari studied the contribution of 
individual koa parents into their offspring for 
vascular wilt resistance. Vascular wilt caused 
by Fusarium oxysporum is one of the most 
significant challenges of koa silviculture. 
This disease can be severe at elevations 
between 1668 ft to 3937 ft.  The soil-borne 
pathogen enters the plant through the root 
system, colonizing vascular tissues and 
disrupting water uptake and transportation 
of solutes throughout the plant. Disease 
symptoms include wilting, foliar chlorosis, 

and shoot necrosis. Thus, the development 
of management tools for Fusarium wilt and 
dieback are critical for the regeneration and 
establishment of native forests in Hawaii.

Currently, breeding programs select 
individuals (known maternal lines) that are 
deemed tolerant to koa wilt based on the 
visual assessment of disease symptoms 
after inoculation of seedlings with fungal 
spores. Controlled crosses between known 
parents will provide an additional opportunity 
to quantify the genetic component of disease 
resistance. This study aimed to screen 

Figure 1. Koa flower following controlled pollination (left) and covering the flower head with a meshed bag to 
prevent pollination by insects (right)
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Table 1. Crossing success among hand pollinations for each pairwise combination of parents. 

progenies obtained from a controlled diallel 
cross between five different koa parents for 
resistance to Fusarium oxysporum

Cross-Pollination:  Collection of seeds from 
mother plants and their screening for wilt 
resistance is a major strategy to identify 
the disease resistant families. However, 
this approach can be oblivious to the 
contribution of the male parent to disease 
resistance. Therefore, controlled pollination 
of koa flowers was done among five thriving 
trees at the University of Hawai’i, Hāmākua 
Research Station (Lat: 20.00 N, Lon: 155.39W, 
elevation 2528 ft). The select flowers in five 
different trees (labeled E, F, G, H, and I) were 
restricted for the entry of pollinator insects 

by completely covering them with a meshed 
bag (Figure 1). Hand pollination was done by 
brushing the male flowers of one tree with 
viable pollen against another tree’s female 
flowers. 

Among 403 controlled cross-pollination, 
37 pollinations were successful, leading to 
469 seeds from 66 seed pods. The rate of 
success of hand pollinations was 9.18%, 
whereas that of open-pollinated controls 
was 1.7% in 56 control flowers (Table 1). 
Differences were observed among mother 
trees with the highest pollination success 
rate of 25% observed on female flowers of 
‘H’ when ‘E’ was used as male parent (Family 
H*E). Similarly, 20% success in pollination 

Female Male Crosses Made Successful 
Crosses No. of Pods Percent Success No. of Pods 

Survived No of Seeds

E G 9 1 8 11.11 8 36
E F 13 2 1 15.38 0 0
E I 15 1 2 6.67 2 12
F E 53 3 5 5.66 2 13
F G 18 0 0 0.00 0 0
F I 27 3 5 11.11 5 46
G E 30 6 3 20.00 3 60
G F 67 10 7 14.93 7 42
G I 35 0 0 0.00 0 0
G H 6 0 0 0.00 0 0
H E 4 1 3 25.00 3 18
H F 7 1 9 14.29 9 60
I G 2 0 0 0.00 0 0
I E 42 5 15 11.90 15 103
I F 75 4 12 5.33 12 79

Controlled Crosses Total 403 37 70 9.18 66 469

E NA 5 0 0 0.00 NA NA
F NA 51 1 1 1.96 NA NA

Open Pollinated Total 56 1 1 1.79
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was observed in G/E (Table 1). Families E*F, 
G*F, and H*F showed approximately 15% 
success. The number of seeds developed 
from these crosses varied from 12 to 103.  

Disease Screening: Six families were 
screened under Fusarium oxysporum 
disease pressure and their performance 
was compared with a susceptible and 
a susceptible check. When 4-month-old 
seedlings were inoculated with the Fusarium 
oxysporum inoculum in October 2020, 
differences in disease symptoms were found 
among families, indicating that selection 
was effective, and parents had different 
impacts on progeny’s disease resistance. 
Disease symptoms were evaluated 1 month 
after inoculation. Symptoms were scored as 
follows: 7 for dead; 6 for wilting or dying; 5 for 
heavy defoliation; 4 for the dead tip (Apical 
meristem and leaf tips); 3 for the stunted root 
systems; 2 for yellow leaves or small yellow 
leaf freckling; and 1 for no symptoms. 

Differences in disease symptoms were found 
among families, indicating that selection 
was effective and that parents had different 
impacts on progeny’s disease resistance. 
Families F*I, I*E, I*F showed lower disease 
scores, whereas families E*G, G*E, and G*F 
were not different from the susceptible check 
(Figure 2). 

There was considerable variation in the 
families assessed, with three families 
showing superior disease resistance than 
the susceptible check variety. Parent ‘I’ was 
common to all three resistant families (F*I, 
I*E, I*F), while it was never a parent in any 
susceptible family (E*G, G*E, and G*F). In 
contrast, Parent ‘G’ was always found in 
combinations that are susceptible to the 
disease, which indicates that it transfers 

susceptibility to disease in progeny.

Parents ‘E’ and ‘F’ showed intermediate 
characteristics, depending upon the maternal 
line it was crossed with. For example, in 
the resistant family, I*E, the parent ‘E’ was 
used as a pollen source, and parent ‘I’ was 
the maternal line.  In susceptible families 
E*G and G*E, the parent ‘E’ is the paternal 
line and the maternal line, respectively. This 
result shows that parent ‘E’ had a lesser 
effect in passing on disease resistance to 
progeny than parent ‘I’ (Fig. 1). This effect 
also indicates that the maternal parent 
may enhance disease tolerance in progeny. 
Similar results were found with parent ‘F’, 
where all progeny showed intermediate 
resistance. The families I*E, I*F, and F*I 
are of great interest for further breeding 
or vegetative propagation. Families with 
Parent ‘I’ should be moved forward for the 
next round of recurrent selection for disease 
resistance, and families with Parent ‘G’ 
should be removed. 

The next step should be to develop larger 
mapping populations and use DNA rather 
than expression-based markers to find 
QTLs associated with disease resistance 
to incorporate marker-assisted selection.  
Currently, the families ‘I*E’, ‘F*I’ and ‘I*F’ show 
resistance like the resistant check cultivar, 
indicating that these families are appropriate 
for field-testing. Achyut is now working to 
publish his MS thesis research in a refereed 
international journal.
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Figure 2. Box-plot showing mean (black solid line) with 25th percentile (lower bound) and 75th percentile (upper 
bound) for disease severity of fusarium wilt of koa as scored by the protocol from Shiraishi et al. (2012). *Indicates 
significantly different from susceptible control at alpha = 0.05, ** indicates significantly different from susceptible 
control at alpha = 0.01, *** indicates significantly different from susceptible control at alpha = 0.001
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Koa Grafting

Although grafting has been identified as 
an important potential tool for Acacia koa, 
success has been limited (Skolmen 1978), 
except in micropropagation systems (Nelson 
2006). Building on a pilot study by Earnshaw 
& McKenna (2018), Kyle Rose (Earnshaw) 
and collaborators conducted a study from 
at the New Mexico State University John T. 
Harrington Forestry Research Center in Mora, 
NM. This study used contrasting ecotypes 
of koa (Umikoa, wet; Kona Hema, dry) and 
two grafting methods (whip and tongue and 
a mechanical top grafter (A.M. Leonard Inc., 
Piqua, OH, USA)). Root collar diameter at the 
time of grafting did not vary significantly by 
source, method, or block and averaged 11.1 
mm (± 2.0 SD) with a maximum size of 16 
mm and a smallest size of 7 mm. 

Preliminary results suggest that the presence 
of phyllodes, root collar diameter at the 
time of grafting, grafting method, source, 
and interactions between factors did not 

influence grafting success. The grafting 
methods achieved between 55% and 64% 
success, with no statistical difference 
detected.  During 2021, non-structural 
carbohydrate samples above and below 
the graph union were processed for all 
successful grafts by the Landhäusser 
Research Group at the University of Alberta.  
Further analyses are currently underway, 
which we expect will help to optimize future 
work and elucidate more about potential 
differences dependent on grafting method 
and ecotype, with a focus on post-graft 
performance. While grafting success has 
been assessed as binary, performance 
results are expected to aid in determining 
the effect of size at grafting on post-graft 
performance. These results will also aid in 
estimating time needed before outplanting.  
A publication is currently being prepared. 

Staining methods to determine hydraulically active xylem above and below the graft union.
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Koa grafting study installation at the John T. Harrington Forestry Research Center.  
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Community-Based Forest Management

While there is a great deal of variation in community-based forest management, community-managed forests 
include forest communities in decision-making, management and benefit sharing of forest resources.  
This research seeks to identify the pathways, opportunities, and barriers for the development of community-
managed forests in Hawai’i.

With the support of her PhD graduate 
committee, Rebekah continues to make 
progress on three chapters that explore the 
central research question of this work: What 
are the pathways and opportunities for the 
development and successful implementation 
of community-managed forests in Hawai‘i? 
This research has been influenced by 
involvement with an emerging community-
based forest management area, the 
Pu‘uwa‘awa‘a Community-Based Subsistence 
Forest Area (P-CBSFA). Supporting the 

P-CBSFA effort has informed and shaped 
the research questions and design of this 
dissertation, which aims to support on-
the-ground efforts and better understand 
the context of community-based forest 
stewardship in Hawai‘i.

The Hawaiian Islands have legislation that 
supports community-based management 
of marine resources; however, no such 
legislation currently exists for community-
based management of forest resources 
in Hawai‘i. This research explores the 
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underlying conditions for the successful 
implementation of community-based 
management of forests in Hawai‘i, exploring 
the emergence of CMFs across the Pacific 
Islands, and opportunities for CMFs within 
different land tenure arrangements in Hawai‘i.  

This research explores the potential for 
community-managed forests in Hawai‘i, 
asking: 

1. How is community-based natural 
resource management of forests 
emerging in the Pacific Islands?

2. How can the lessons learned from 
international and local collaboratively 
managed forests and community-based 
subsistence fishing areas be applied to 
the development of community-managed 
forests in Hawai‘i?  

3. What are the opportunities for the 
development of community-managed 
forests in Hawai‘i? How do these 
opportunities differ depending on land 
tenure? and

4.  How is community-based natural 
resource management emerging in 
Hawai‘i?

Chapter one will provide a synthesis of 
CMF literature that shares contextual 
characteristics with Hawai‘i through a 
systematic literature review of Pacific 
Island examples of community-managed 
forests. The goal of this chapter is to better 
understand how CMFs are emerging across 
Pacific Islands, and how various approaches 
might inform CMFs in Hawai‘i. The second 
chapter explores pathways and opportunities 
for CMFs in Hawai‘i, looking specifically at 
lessons learned in current community-based 
stewardship efforts in Hawai‘i, and through 

interviews with leaders of the three largest 
landholding groups in Hawai‘i. Finally, chapter 
three explores how communities in Hawai‘i 
are working within existing mechanisms to 
manage or steward forests in Hawai‘i. 
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ʻIliahi Biology, Ecology, and Management
Approximately 16 sandalwood species 
(Santalum spp.) occur worldwide and at least 
six sandalwood species and several varieties 
are endemic to the Hawaiian Islands, where 
it is known as ‘iliahi. ʻIliahi is economically 
and culturally important because of the 
heartwood’s aromatic essential oil and high 
value wood for carving. During the early 19th 
Century, Hawaiian sandalwood was heavily 
exploited until supplies were depleted. Two 
species are now relatively common, including 
S. paniculatum, which is the only species 
commercially harvested on a limited scale; 
however, the species have not regained their 
former abundance or size.

There is increasing interest in restoration 
and commercial management of ʻIliahi. The 
aim is to demonstrate that ʻiliahi can be 
harvested sustainably by ensuring adequate 
regeneration and responsible forestry 
practices. While the recent burgeoning 
interest in growing ʻIliahi for restoration 
and commercial forestry is an exciting 
development, in order to transition from 
interest to successful implementation, 
major steps towards understanding ʻIliahi 
cultivation systems are required. Effective 
cultivation of sandalwood has been 
established in other sandalwood producing 
countries (India and Australia), but cultivators 
in Hawai‘i are unable to directly adopt many 
of these practices due to differences in 
cultivation area, host species, sandalwood 
species and logistical limitations. The 
development of cultivation systems tailored 
to Hawaii’s unique environment is vital to 
the success of sandalwood restoration and 
commercial sandalwood forestry operations. 

Santalum spp. are particularly complex 
because they are hemi-parasitic, meaning 
that individuals can photosynthesize, yet 
require host plants to acquire resources for 
long-term survival. Thus, it is necessary to 
either interplant ʻiliahi alongside other plant 
species to act as hosts or underplant among 
already established hosts.  In this new project 
initiative, we are working collaboratively with 
different partners on several research phases 

Santalum paniculatum – ʻIliahi, the Hawaiian 
sandalwood.
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to answer questions that will help to develop 
effective management recommendations 
through a deeper understanding of the 
mechanisms by which ʻiliahi acts as a 
parasite to acquire resources from host 
species, and how this interaction varies 
across site environments.

ʻILIAHI-HOST PLANT INTERACTIONS 

Several native Hawaiian species have been 
recommended to serve as host plant species. 
However, the optimum spacing and layout 
of ʻiliahi and secondary hosts is unknown. 
Dr. Kyle Rose led the establishment 
of a field experiment in June 2019 at 
Kealakekua Mountain Reserve to assess the 
establishment success of ʻiliahi in relation 
to host plant species and planting density. 
Two host plant species (koa and ʻaʻaliʻi) were 
planted in June 2019 at four distances from 

the planted ʻiliahi (adjacent, 0.5, 1, and 2 m). 
A control was included, where ʻiliahi was 
planted without a host plant. 

Baseline measurements for seedling 
morphology and leaf nutrient status were 
performed at the time of planting. Emily 
Thyroff has maintained the experiment with 
regular seedling survival and morphology 
measurements. 24 months after planting, 
survival of ‘iliahi seedlings was 79% overall 
and greater when paired with koa. Relative 
growth of ‘iliahi ground line diameter and 
height was also greater when paired with 
koa. The effect of planting distance is 
variable, but growth of ‘iliahi was greatest 
at the adjacent spacing when paired with 
koa or 0.5 m when paired with ‘a‘ali‘i. These 
results demonstrate that establishment and 
early growth of reforested ‘iliahi are affected 

ʻIliahi and ʻaʻaliʻi pairing 24 months after planting.
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by host species and planting distance. Early 
and abundant root parasitic connections with 
the host and transfer of nitrogen are likely 
important for establishment and early growth 
of ‘iliahi. Results from this phase will aid in 
the development of prescriptions to create 
compatible ‘iliahi and host species plantation 
designs.

As part of her PhD studies at the University 
of Hawai‘i at Mānoa, Emily Thyroff (advised 
by Drs. Travis Idol and Douglass Jacobs) 
also designed and implemented a set of 
greenhouse and field experiments to better 
understand relationships between ‘iliahi and 
co-occurring native forest tree species:

THREE-POT EXPERIMENT 

With guidance from Dr. Simon Landhäusser 
(University of Alberta), this study is designed 
to better understand ‘iliahi-host plant 
interactions in controlling acquisition of 
water and nutrients. For Santalum species 
native to other regions, it is hypothesized 
that water and nitrogen are important 
resources acquired from host plant species, 
but it is unclear whether carbohydrates are 
also exchanged. Thus, this study will help to 
provide fundamental knowledge on the role 
of water and nutrient transfer between ‘iliahi 
and hosts, while also helping to improve 
global understanding of carbohydrate 

Illustration of a three-pot experiment designed to study ‘iliahi-host plant interactions in controlling acquisition of 
water, nutrients, and carbohydrates (left).  April 2021 established 3-pot setup (right).
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exchange in sandalwood. Building upon 
the proof-of-concept trial from 2020, we 
established the 3-pot experiment in April 
2021. Unfortunately, we did not have 
sufficient haustoria development when 
expected which has delayed the experiment. 
Part of the experiment will still be run, but we 
will also restart the experiment in 2022.

Underplanting ʻiliahi. Koa is commonly 
planted in single-aged stands across Hawai‘i, 
often as a first step in reforestation and 
restoration plantings, but also to serve as 
a commercial plantation with economic 
goals. The resulting overstory gaps (whether 
through naturally variable survival or pre-
commercial crop tree thinning) provide 
an opportunity to diversify initial planting 
efforts by enriching the site with other 
native plants, such as ʻiliahi. Furthermore, 
established overstory and neighboring hosts 
may increase the probability that planted 
ʻiliahi will develop early, and abundant, 
hemiparasitic connections. In August 2020 
the first underplanting site was established 
by planting 324 ‘iliahi under 10-year-old 
koa. Hemispherical photos were taken 
at each seedling to capture the overstory 
environment and grass competition cut back 
manually every 3 months for the first year. 
18 months after planting, ʻiliahi seedlings 
had 98% survival and impressive height 
and diamter growth. A potential trend is 
that with increasing light, ʻiliahi increases 
height and diameter growth. In April 2021 a 
second underplanting site was established 
after crop tree thinning a naturally 
regenerated koa stand. In addition to testing 
overstory structure effects on seedling 
performance, gas exchange and stomatal 
impressions were captured to create light 
response curves and better elucidate which 

October 2021 destructive sampling.
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Experimental grid design for underplanting ʻiliahi beneath an established koa overstory, creating a range of 
understory light conditions.

Hemispherical photos to capture the overstory environment.
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management practices will yield high 
performing ‘iliahi.

UNDERPLANTING ʻILIAHI 

Koa is commonly planted in single-aged 
stands across Hawai‘i, often as a first step in 
reforestation and restoration plantings, but 
also to serve as a commercial plantation with 
economic goals. The resulting overstory gaps 
(whether through naturally variable survival 
or pre-commercial crop tree thinning) provide 
an opportunity to diversify initial planting 
efforts by enriching the site with other 
native plants, such as ʻiliahi. Furthermore, 
established overstory and neighboring hosts 
may increase the probability that planted 
ʻiliahi will develop early, and abundant, 
hemiparasitic connections. In August 2020 
the first underplanting site was established 
by planting 324 ‘iliahi under 10-year-old 
koa. Hemispherical photos were taken 
at each seedling to capture the overstory 
environment and grass competition cut back 
manually every 3 months for the first year. 
18 months after planting, ʻiliahi seedlings 
had 98% survival and impressive height 
and diamter growth. A potential trend is 
that with increasing light, ʻiliahi increases 
height and diameter growth. In April 2021 a 
second underplanting site was established 
after crop tree thinning a naturally 
regenerated koa stand. In addition to testing 
overstory structure effects on seedling 
performance, gas exchange and stomatal 
impressions were captured to create light 
response curves and better elucidate which 
management practices will yield high 
performing ‘iliahi.

NURSERY STOCKTYPES

In collaboration with Drs. Jeremy Pinto and 
Kyle Rose, we used four nursery stocktype 

containers (i.e., SideSlit 150, SC10, D25, D40 
– see photo) to raise ‘iliahi for outplanting 
at two different sites (rocky vs. deeper soil 
site). In September 2021 a subsample of 
‘iliahi seedlings were destructively sampled 
for baseline stocktype information. The 
remaining ʻiliahi seedlings were outplanted 
at the fieldsite with the two different soil 
substrates. Koa seedlings were outplanted in 
April 2021 before the ʻiliahi seedlings to act 
as hosts.

Capturing gas exchange measurements of ʻiliahi 
seedlings 12 months after planting (top).  
Nursery containers used to produce different ‘iliahi 
stocktypes for outplanting on sites with varying soil 
conditions (bottom).
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As part of his MS studies at the Purdue 
University, Tawn Speetjens is evaluating 
fertilizer and hosting treatments required 
to grow healthy ‘iliahi seedlings in the 
nursery and what types of hosting schemes 
are necessary to maximize ‘iliahi seedling 
survival when planting in in barren monotypic 
pasture landscapes. Tawn has been working 
to understand and develop the systems 
required to grow ‘iliahi in Hawai‘i during his 
past four years working for the Hāloa ‘Āina 
reforestation project. He has experimented 
with various strategies to grow healthy ‘iliahi 
seedlings and has unearthed several findings 
that have helped to direct his research while 
at Purdue University. 

While Santalum paniculatum has been 
shown to regenerate vigorously with root 
suckers and coppicing following a harvest 
disturbance, although methods of artificial 
regeneration are not very well established or 
corroborated with empirical studies. Effective 
methods of propagation must be established 
in order to reliably grow this species for 
restoration, commercial production and also 
for future research endeavors. Identifying 
effective propagation techniques for S. 

paniculatum could also guide propagations 
efforts for other Hawaiian Santalum 
species that are scarcer or federally listed. 
The goal of Tawn’s project is to elucidate 
the practices that will produce healthy S. 
paniculatum seedlings in the nursery as well 
as maximize outplanting success. Tawn has 
leaned on his several years of experience 
growing S. paniculatum for Hāloa ‘Āina and 
the substantial literature pertaining to the 
cultivation of Australian and Indian species of 
Sandalwood to guide his research project.

FERTILIZER AND HOST TREATMENTS 

The first stage of Tawn’s research will 
examine the effects of fertilizer and host 
treatments that have produced healthy 
growth in ‘iliahi seedlings during the nursery 
culture phase of propagation. Past trials have 
established that pot host are not necessary 
to grow healthy ‘iliahi seedlings if they are 
treated with controlled release fertilizer 
(CRF) and chelated iron. Additionally, he 
has found that ‘iliahi seedlings that have 
attached to a nitrogen fixing A. koa pot host, 
display healthy growth under limited fertilizer 
regimes. The objective of this experiment is 

ʻIliahi stocktype outplanting day.

Table 1: Twelve Unique treatments are created by 
combining the controlled release fertilizer factor 
(CRF), the chelated iron factor (Chel. Fe) and the  
host factor.

S. paniculatum Nursery Trial Treatments
CRF Factor

Applied Control

Chel. Fe Factor Chel. Fe Factor

Applied Control Applied Control

A. koa 1 2 3 4

D. viscosa 5 6 7 8

Control 9 10 11 12Ho
st

 Fa
ct

or
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to understand how CRF, chelated iron and pot 
hosts interact to affect ‘iliahi seedling quality 
and haustoria development. The experiment 
design is a 2x2x3 factorial with 2 levels 
within the CRF factor (applied vs control), 
2 levels within the chelated iron factor 
(applied vs control) and 3 levels within the 
host factor (A. koa vs D. viscosa vs control). 
Twelve unique treatments are created by 
combining the three factors (Table 1). The 
experiment was a randomized complete 
block design with six repetitions. Each of the 

twelve treatments are represented within 
each repetition by 32 sub-samples within the 
same tray, 10 of which will be destructively 
sampled at the end of the growing period 
while the remaining 20 will be left available 
for selection to use in the field planting trial. 
Destructive sampling of the 864 seedlings 
from the nursery trial began on June 14, 
2021 when the seedlings were 312 day old 
(Figure 1). Seedling chlorophyll content, 
seedling height from the root collar, and root 
collar diameter were measured at the time of 

10/26/2020 12/03/2020 4/20/2021 06/16/2021
Figure 1: Progression of growth for the block 6 of the nursery trial. The first picture is taken 81 days after 
transplanting from germination flats into growing container and the last photo was taken the day of destructive 
sampling.

Figure 2: Height from root collar, diameter at root collar, and chlorophyll content measurements are collected 
after the soil has bees washed from the roots.
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destructive sampling (Figure 2). Additionally, 
all soil was washed from roots and the 
seedlings were dried in a tissue drying oven 
at 70°C for 72 hours before measuring the 
mass of the roots, stems, and leaves for each 
sample separately. Haustoria present within 
the roots of each seedling were also counted 
and leaf tissue samples were also collected 
for nutrient analysis. All data for the phase 
1 nursery experiment has been collected 
and will be analyzed in Spring 2022. Initial 
visual assessment of the seedlings from 
the nursery trial show apparent differences 
between treatments that received different 
fertilizer regiments. There were no apparent 
differences between the hosting treatments 
based on visual assessment (Figure 3).

FIELD PLANTING 

The second stage of Tawn’s research is 
a field planting trial that will examine the 
effects of nursery fertilization, nursery hosts, 
and field hosts on the survival and growth 
of ‘iliahi seedlings when planted in the 
field.  The objective of this experiment is to 
determine the effect of pre-established field 

host, container host, and nursery fertilization 
on survival, growth, and plant moisture 
stress of Santalum paniculatum  seedlings 
after outplanting. The experiment design 
is a 2x2x2 full factorial implemented in a 
complete randomized block design with 
a split plot and six blocks. The whole-plot 
factor be will pre-established field host with 
2 levels (field host vs control) and the within 
plot factors will be nursery fertilization with 2 
levels (fertilizer vs control), and nursery host 
with 2 levels (host vs control). Treatments 
will be selected from the nursery trial to 
represent the within plot factors previously 
mentioned. The treatments selected to 
represent the fertilizer factor in the field trial 
received CRF and chelated iron for fertilizer 
during the nursery trial. Also, the treatments 
representing the host factor utilized an A. 
koa as a host during the nursery trial.  The 
four treatments that were selected from the 
nursery trial are #1: fertilizer + host, #4: no 
fertilizer + host, #9: fertilizer + no host, #12: 
no fertilizer + no host (Table 1). The three 
factors are combined to form eight unique 
treatments (Table 2). Half of the seedlings 

Figure 3: Visual assessment of the twelve treatments 
shows apparent differences between treatments that 
received different fertilizer regiments.

S. paniculatum Field Trial Treatments

Within Plot Factors

Nursery Host Factor

Nursery Host Control
Nursery Fertilizer 

Factor
Nursery Fertilizer 

Factor
Fertilizer Control Fertilizer Control

Field Host 1 2 3 4

Control 5 6 7 8

W
ho

le 
Pl

ot
 Fa

ct
or

Ho
st
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ct

or

Table 2: Eight unique treatment were created by 
combining the field host factor, the nursery host 
factor and the nursery fertilizer factor.
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from each treatment were planted in a 
sub-plot with pre-established field host and 
the other half in the sub-plot with no field 
hosts. The field hosts were 14 months old 
when the S. paniculatum seedlings were 
planted on August 6-8th, 2021. This design 
will allow examination of the effect of pre-
established field hosts when pot hosts are 
present or absent, as well as the effect of 
nursery fertilization and hosts under these 
conditions. The height and collar of the  S. 
paniculatum seedling and nursery host (when 
applicable) were measured at the time of 
planting. The height, collar, and survival 
were recorded for the field host, nursery 
host and sandalwood at four months after 
planting and subsequently every 2 months. 

Weed control was done four months after 
planting and every other month as needed 
(figure 4). One year after planting, the growth 
of the sandalwood will be assessed using 
a height and collar measurements and the 
average survival for each treatment will be 
calculated within each block. At this time 
pre-dawn water potential measurements will 
be collected to assess the level of drought 
stress seedlings are experiencing. Lastly, leaf 
tissue will be collected to assess the nutrient 
status of the sandalwood seedlings. All data 
collection for phase 2 will be completed in 
August of 2022.

Figure 4: A S. paniculatum seedling in a sub-plot without a pre-established field host before and after weed 
control.
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ʻŌhiʻa Disease Resistance Program 
ʻŌhiʻa (Metrosideros polymorpha) covers 
nearly one million acres across Hawaiʻi, is 
the backbone of Hawaiʻi’s native forests, and 
serves as a foundational species for Native 
Hawaiian cultural practice. Starting in 2010, 
ʻōhiʻa trees began dying on Hawaiʻi Island, 
undergoing rapid wilting and browning of 
the canopy. After intensive investigation, 
researchers identified the fungal cause of 
the new disease and named it Rapid ʻŌhiʻa 
Death (ROD). Because of this early work, we 
now know that ROD is caused by two novel 
species of fungi, Ceratocystis lukuohia and 
the less aggressive Ceratocystis huliohia, 
which have killed 100,000+ ʻōhiʻa trees 
across 180,000+ acres on Hawaiʻi island. 
Unfortunately, ROD was discovered on Kauaʻi 
in 2018, and Oʻahu and Maui in 2019. 

While the widespread ʻōhiʻa mortality is 
troubling, there is evidence that some ʻōhiʻa 
genotypes on Hawaiʻi Island show resistance 
to ROD. During preliminary ʻōhiʻa screening 
trials, where ʻōhiʻa individuals were artificially 
inoculated with Ceratocystis lukuohia, we 
found that most individuals died within a 
few months. Critically, however, a handful of 
inoculated individuals did not die following 
inoculation; some have even survived a 
second round of inoculation. These results 
point to the promise of finding ʻōhiʻa and 
other Hawaiian Metrosideros species that are 
naturally resistant to ROD. To date, the extent 
of this resistance in natural populations 
is poorly understood. For this reason, we 
launched the ʻŌhiʻa Disease Resistance 
Program (ʻŌDRP), with the goal of identifying 
ROD-resistant plants vital to the restoration 
of forest areas impacted by ROD. Our 

goal is to support private landowners and 
conservation land managers who want to 
perpetuate ʻōhiʻa across their lands.  

In the three years since the founding 
of the ʻŌDRP, we have: 1) developed 
seed and cutting sampling protocols 
for sampling survivor trees in South 
Hilo and Puna; 2) sampled nearly 300 
survivor trees from South Hilo and 
Puna resulting in the collection of over 
10,000 cuttings and millions of seeds; 3) 
established a partnership with the Leilani 
Estates Community Association and 
multiple community members to deploy 
a community-centered sampling design 
of lone survivor trees; 4) established a 
partnership with Laukahi: The Hawaiʻi 
Plant Conservation Network to select and 
propagate the next generation of seedlings 

Collecting seeds from a new study tree in the Leilani 
Estates subdivision in Puna, Hawaiʻi.
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for expanded screening of ʻōhiʻa genotypes 
from across the state; 5) secured and 
sowed 1000’s of seeds from additional 
seeds families from multiple Metrosideros 
taxa from Oʻahu, Kauaʻi, and Maui; 6) 
improved upon developed methodologies via 
comparison of rooting products and plant 
growth enhancers; 7) developed a workflow 
document to guide decisions at each step of 
a plant’s life cycle from initial propagation to 
testing; 8) established a stock plant garden 
housing clones with low rooting success to 
further propagate and increase the number 
of representatives for those clones; 9) 
propagated cuttings from one containerized 
tree that has survived C. lukuohia infection 
for over 2 years; 10) implemented drone-
based remote sensing technologies to 
improve detection of survivor trees in areas 
with high ROD mortality on Hawaiʻi island; 

11) initiated development of plane-based 
hyperspectral imaging techniques that will 
distinguish between survivor trees that 
are escapes and truly ROD-resistant; 12) 
produced two peer-reviewed journal articles 
describing the promising results of our initial 
C. lukuohia screening work, and an outreach 
article about ʻōhiʻa disease resistance work 
in a special ʻōhiʻa issue of Hawaiʻi Landscape 
magazine; 13) published an ʻŌDRP 
framework in a peer-reviewed journal, which 
will guide ʻŌDRP development in the coming 
decade; 14) developed several community 
science tools and educational curriculum 
content for middle and high school students 
based on our ʻōhiʻa and disease resistance 
work; and 15) screened over 300 ‘ōhiʻa trees 
against C. lukuohia.

Over the next year, we will continue to grow 

ʻŌDRP staff with Laupāhoehoe Community Public Charter School students collecting ʻōhiʻa phenology data as 
part of the ʻōhiʻa community science project on the school’s campus (Photo: Kainana Francisco). 
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and screen ʻōhiʻa seedlings from across the 
state. We will continue to develop efficient 
inoculation methods with the goal of also 
improving the accuracy of our inoculation-
based test. And, we will outplant potentially 
resistant individuals from our initial 2016-
2017 efforts, while initiating our field-testing 
phase, both of which will put us closer to 
identifying ʻōhiʻa resistant to C. lukuohia.

The severity of ROD poses a significant 
threat to native ʻōhiʻa forests throughout 
the state, and full investment into the 
strategies listed above will be critical for 
perpetuating ʻōhiʻa across Hawaiʻi. None 
of this work would be possible without 
financial support from the USDA Forest 

Service (Washington Office, Region 5, and 
Special Technology Development Program), 
the Hawaiʻi Community Foundation, and the 
Hawaiʻi Department of Land and Natural 
Resources, Division of Forestry and Wildlife. 
For more information, please visit Akaka 
Foundation for Tropical Forests’ website 
(www.akakaforests.org) where you can 
find a brochure about the ʻŌDRP, detailed 
information about our community outreach 
and engagement efforts, and ways to 
support the ʻŌDRP.

Metrosideros polymorpha plants from the first of the ʻŌDRP screening trials three months after being inoculated 
with Ceratocystis lukuohia, the most aggressive ROD pathogen (Photo: Kainana Francisco). 
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Global trade of plants and plant products 
compounded by the effects of climate 
change over the last century has led 
to a significant increase in destructive 
tree diseases associated with bark and 
ambrosia beetles (Coleoptera: Curculionidae: 
Scolytinae and Platypodinae; Ploetz et al. 
2010). Bark and ambrosia beetles are the 
most commonly intercepted beetles in 
U.S. ports of entry and can be extremely 
invasive pests, with a remarkable ability 
to adapt to new environments (Rabaglia 
et al. 2019). Moreover, stress imposed by 
abiotic factors such as flooding, drought, 
freezing, mechanical damage, and ozone 
exposure predisposes trees to attack by bark 
and ambrosia beetles (Ranger et al. 2010). 

The Hawaiian archipelago is particularly 
vulnerable to bark and ambrosia beetle-
related tree diseases due to its economic 
dependency on imports and the isolated 
evolution of its native flora and fauna. 

Although the epidemiology of ROD is not 
fully understood due to its recent discovery, 
it is likely similar to other Ceratocystis 
diseases where the pathogen is associated 
with wounds and ambrosia beetles. The 
invasive ambrosia beetle species in the 
Xyleborini tribe including Xyleborinus 
saxesenii (Ratzeburg), Xyleborus affinis 
Eichhoff, Xyleborus ferrugineus (Fabricius), 
and Xyleborus perforans (Wollaston) are 
commonly reared from ROD-infected 

Chemical Ecology of Rapid ʻŌhiʻa Death (ROD)

Lehua mamo (yellow ‘ōhiʻa flowers) blooming in West Maui.
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‘ōhiʻa, and all of the species produce frass 
containing viable Ceratocystis propagules 
(Roy et al. 2019; Roy et al. 2020) that can kill 
‘ōhiʻa. Ambrosia beetle frass is hypothesized 
to be the main vehicle for ROD inoculum 
spread. In addition, Kylle Roy is working on 
completing Leach’s rules to consider these 
species as direct, casual vectors. Regardless 
of mechanism, ambrosia beetles play a 
key role in the spread of ROD and there is 
a critical need to develop ambrosia beetle 
management strategies to mitigate the 
spread. 

Understanding the chemical ecology of 
the ROD could lead to early detection tools 
and the development of attractants and 
repellents to manipulate beetle populations, 
protecting both healthy and ROD-infected 
tree stands and individual ʻōhiʻa. Kylle’s PhD 
work encompasses different aspects of 
understanding how ‘ōhiʻa trees, ROD-causing 
fungi (C. lukuohia and C. huliohia), and 

Xyleborini ambrosia beetles communicate, 
with the long-term goal of developing 
management strategies to prevent the 
spread of ROD. The first chapter of Kylle’s 
thesis encompasses the identification of the 
volatile organic compounds (VOCs) produced 
by C. lukuohia and C. huliohia in culture, ʻōhiʻa 
seedlings inoculated with the two fungal 
pathogens, and the response of the invasive 
ROD-associated ambrosia beetles to those 
compounds using still-air olfactometer 
assays.  

Preliminary results suggest that both ROD-
causing fungi produce fruity fusel alcohols 
and acetates that elicit species-specific 
responses from the ROD-associated 
Xyleborini beetles. Similar VOCs are 
produced from C. lukuohia and C. huliohia in 
culture and in ‘ōhiʻa seedlings inoculated with 
the pathogens.

Still-air olfactometer for ambrosia beetle behavior assays including a C. lukuohia culture and a blank petri dish to 
test beetle response. A beetle, X. ferrugineus, is the small black dot between the two petri dishes. 
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Volatile organic compound collection from a ʻōhiʻa seedling inoculated with C. lukuohia (left).  
Xyleborus ferrugineus, an invasive ambrosia beetle crawling amongst frass on the outside of a ROD-infected 
‘ōhiʻa tree (right).
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Tropical HTIRC Research Publications in 2021

ABSTRACT 

Frost damage is among the major limitations 
to reforestation and forest restoration 
projects worldwide. Investigations of 
environmental and genetic effects on frost 
resistance have focused on boreal and 
temperate tree species rather than tropical 
trees. Koa (Acacia koa A. Gray) is a valuable 
tropical hardwood tree species endemic 
to the Hawaiian Islands, USA. Koa occurs 
across a wide elevational gradient, and 
newly planted trees are subject to winter 
frost at high elevations. We sought to 
determine whether different koa populations 
show variation in freeze hardiness as a 
cold-tolerance mechanism, and whether 
exposure to hardening conditions prior to 
frost exposure can modify koa cold-tolerance 
adaptation. Seeds from 13 populations of koa 
(Acacia koa A. Gray) were collected across 
an elevational range (603–2050 m) on the 
Island of Hawai’i. Four-month-old seedlings 
grown from the 13 population seed sources 
were divided into control (non-acclimated) 
and cold-acclimated treatments, maintained 
at 26 C/22 C (day/night) or exposed to 

gradually decreasing temperatures to 8 C/4 
C (day/night), respectively. After six weeks, 
control and cold-acclimated seedlings from 
each population were tested for freeze 
tolerance by electrolyte leakage at five test 
temperatures ranging from 5 C (control) to 20 
C. Treatment effects were mainly observed 
at the lowest test temperatures (15 and 20 
C). A higher index of cold damage occurred in 
the non-acclimated seedlings for most of the 
populations. Several of our higher elevation 
populations showed greater cold tolerance 
than populations from lower elevations, 
particularly when cold-acclimated. Our 
results suggest that cold acclimation may 
increase frost hardiness in a tropical forest 
tree species, and that there is likely some 
adaptive variation in frost tolerance among 
populations from different elevations. Cold 
acclimation could be a useful tool to prepare 
koa seedlings to be planted in high-elevation 
sites prone to freezing winter temperatures. 

Forests 2021, 12, 1089. https://doi.org/10.3390/f12081089           https://www.mdpi.com/journal/forests
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ABSTRACT

Physical dormancy in seeds can challenge 
restoration efforts where scarification 
conditions for optimal germination and 
seedling vigor are unknown. For species that 
occur along wide environmental gradients, 
optimal scarification conditions may 
also differ by seed source. We examined 
intraspecific variation in optimal scarification 
conditions for germination and seedling 
performance in koa (Acacia koa), which 
occurs across a wide range of environmental 
conditions. To evaluate scarification 
responses, we recorded imbibition 
percentage, germination percentage, 
germination time, seedling abnormalities, 
early mortality, seedling growth, and seedling 
survivorship. From these, we developed a 
scarification index (SI) that integrates these 
measures simultaneously. We hypothesized 
that seeds from lower elevation sources 
exposed to higher temperatures would 
have harder seed coats and would require 
more intense scarification treatments. 
To test this hypothesis, we repeatedly 
exposed seeds to hot water differing in 
temperature and time until seeds imbibed. 
Supporting the hypothesis, seeds from 
lower elevation sources generally required 
more intense scarification, although we 
found substantial variation among sources. 
Koa seeds germinated in about a week 

following imbibition. Boiling seeds (i.e., 
maintaining at 100°C) was effective for 
imbibing seeds but it also substantially 
reduced germination percentages. Repeated 
exposure to 90 to 100°C water did not reduce 
germination percentage but decreased 
seedling performance and increased early 
mortality. No seeds remained unimbibed 
after six attempts of boiling germinated 
whereas seeds remaining unimbibed after 
15 attempts of exposure to 90 to 100°C 
water showed high germination percentages. 
Abnormalities in seedling development 
were rare but increased with treatment 
intensity. Exposure to 100°C water for 1min 
overall generated the best SI values but the 
best treatment differed by elevation, and 
the treatment with the best SI was rarely 
predicted from the highest germination 
percentages. Seeds that imbibed without 
any treatment germinated at the same 
level as manually filed seeds but produced 
poor seedling quality. Variation in mother 
tree environments along an elevational 
gradient can lead to differences in seed coat 
characteristics, which may explain differing 
responses to treatments. Scarification 
treatments affected processes beyond 
imbibition and germination and using an 
index like SI may improve efficiency by 
identifying optimal scarification treatments 
while reducing seed waste.

Frontiers in Plant Science | www.frontiersin.org November 2021 | Volume 12 | Article 716678
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Tropical HTIRC strives to ensure that research results are communicated to (and used by) 
landowners, forest managers, and the scientific community. We aim to collaborate directly with 
managers to design research projects to meet their needs. Our extension / outreach program 
consists of regular field days, workshops, symposia, and development of publications relevant to 
managers. 

Extension / Outreach

J.B. Friday, Extension Forester at the University of Hawai‘i at Mānoa, discussing methods to implement 
operational thinning treatments in planted stands of Acacia koa at the Hawai‘i Experimental Tropical Forest on 
Pu‘u Wa‘awa‘a, Hawai’i Island during January 2019.
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During 2021, the COVID-19 pandemic limited our ability to hold in-person events, so we re-directed 
our energy into Extension articles, such as:

Extension Articles

ABSTRACT

Six Santalum species are endemic to the 
Hawaiian Islands where they are known 
locally as ‘iliahi. ‘Iliahi were once widespread 
throughout the islands, but most stands 
were harvested for the valuable heart- wood, 
reducing the distribution by an estimated 90 
percent. Limited natural regeneration and a 
burgeoning interest in ‘iliahi cultivation have 
prompted the need for reliable propagation 
systems. One species in particular, Santalum 
paniculatum, has been the focus of interest 
due to available planting area, relative 
abundance, and commercial-grade oil quality. 
We describe methods for seed harvesting, 
processing, germination, seedling transfer, 
growth, and field planting of S. paniculatum. 
These methods have successfully produced 
high-quality seedlings, although further 
research is needed. percentages. Seeds that 

imbibed without any treatment germinated 
at the same level as manually filed seeds 
but produced poor seedling quality. Variation 
in mother tree environments along an 
elevational gradient can lead to differences 
in seed coat characteristics, which may 
explain differing responses to treatments. 
Scarification treatments affected processes 
beyond imbibition and germination and using 
an index like SI may improve efficiency by 
identifying optimal scarification treatments 
while reducing seed waste.

Tree Planters’ Notes Volume 64:33-49, Number 2 (Fall 2021)
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ABSTRACT

An important strategy for meeting global 
landscape restoration goals is nursery 
production of high-quality seedlings. Growing 
seedlings with attributes that promote 
post-planting survival and growth can be 
dramatically influenced by the nursery 
container system. In many countries, 
nurseries produce seedlings in polybags 
filled with excavated soil. These seedlings 
often develop deformed roots with limited 
fibrosity which can lead to poor survival 
and growth after outplanting. Polybags are 
initially inexpensive but using these single-
use plastic containers accrues expenses that 
are often untracked. Comparisons among 
nursery production systems must account 
for factors such as container longevity, labor 
efficiency, and seedling field performance. 

A more holistic approach to account for 
environmental, economic, social, logistic, 
and cultural elements in the cost–benefit 
equation that influences nursery production 
systems is needed. Converting to a modern 
container system requires concomitant 
adjustments in nursery scheduling and 
culturing matched to the new stock type. 
Doing so provides an opportunity to align 
nursery production techniques and resulting 
seedling attributes with anticipated field 
conditions. This article describes and 
discusses the advantages and disadvantages 
of nursery production systems and provides 
recommendations and case studies to 
aid nurseries in improving seedling quality 
toward meeting restoration goals in a cost-
effective and timely manner. 

Land 2021, 10(8), 826; https://doi.org/10.3390/land10080826              https://www.mpdi.com/journal/land
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We continue to communicate new developments with our projects, staffing, and publications 
through our re-designed Tropical HTIRC website – where you can also access our 2017-2021 
strategic plan and annual reports. 
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Mahalo to Our Partners!
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Mahalo to J.B. Friday for donating photography for the cover and additional background images.
Design by: ʻĀkolea Visual



Tropical Hardwood Tree Improvement 
& Regeneration Center




