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ABSTRACT 

Koa (Acacia koa A. Gray) is a charismatic tree species endemic to Hawaii that plays an important 

role, socioeconomically, culturally and ecologically in the Hawaiian Islands. Koa forests in Hawaii 

have been heavily depleted and degraded due to harvesting and land use changes. To contribute to 

the success of koa restoration initiatives, two research projects were conducted as part of this thesis. 

The first project consisted of analyzing the freeze tolerance of seedlings from koa populations 

distributed across an elevational gradient, while the second project involved determining 

heritability estimates and the genetic gain of traits within and among high-elevation koa families 

in progeny trials. In the first project (Chapter 2), the objective was to determine if different 

ecotypes of koa show variation in freeze hardiness as a mechanism to tolerate cold and if exposure 

to hardening conditions prior to frost exposure can modify such cold tolerance adaptation. Thirteen 

populations of koa (Acacia koa A. Gray) were grown from seeds collected across an elevational 

range from 603 m to 2050 m on the Island of Hawai’i. Four-month-old greenhouse-grown 

seedlings obtained from these seeds were then divided into control seedlings (maintained at 25 °C 

day, 22 °C night) and chilling-acclimated seedlings (held at 8 °C day, 4 °C night). After six weeks, 

ten acclimated and ten non-acclimated seedlings per population were tested for freeze tolerance 

by electrolyte leakage at temperatures from 5 °C to –20 °C. Results showed a higher index of cold 

damage in the non-acclimated seedlings for most of the populations at the two lowest test 

temperatures. There were some differences in the index of damage among the population 

elevations, depending on the test temperature. In the second project (Chapter 3), the objective was 

to determine if there is genetic variability among 20 koa families for height, basal diameter, and 

other parameters of interest, measured at 4 years of age, at a high-elevation progeny trial site on 

the windward slopes of Mauna Kea on the Island of Hawai’i. Height, basal diameter, height to 

living crown, and projected crown area showed significant differences among families. The 

estimates of heritability of family means were higher than the estimates of individual-tree 

heritability for height, projected crown area, and gross crown volume, yet showed the same value 

of the estimates of individual-tree heritability for basal diameter and live crown ratio.  Height, 

basal diameter, and height to live crown had relatively high heritability estimates > 0.4.  There 

were significant differences among the tested families in height, basal diameter, height to living 

crown and projected crown area. The relative performance rankings among families produced from 
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this progeny test will allow forestry managers to make selections for relatively high performing 

koa families to supply regionally-adapted, improved koa seeds for reforestation in the vicinity of 

this test site. 
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 INTRODUCTION 

1.1 Taxonomy, ecology and distribution of koa 

Acacia koa A. Gray (koa) is a charismatic tree species endemic to the Hawaiian Islands 

(Figure 1.1). It is one of about 1200 members of the genus Acacia within the Fabaceae family, 

subfamily Mimosoideae (Baker et al., 2009). As a legume, koa is among only a handful of native 

nitrogen-fixing trees in Hawaii, enriching the soil around it (Wilkinson and Elevitch, 2003). Koa 

forms symbiotic relationships with two kinds of micro-organisms that facilitate nutrient acquisition: 

nitrogen-fixing bacteria and arbuscular mycorrhizal fungi (Baker et al., 2009). 

Koa occurs on six of the Hawaiian Islands and grows in a widely diverse tropical climate 

(Contu, 2012; Whitesell, 1964). The range of koa extends from longitude 154° to 160° west; its 

latitude ranges from 19° to 22° north (Whitesell, 1964). Koa grows on volcanic soils of all degrees 

of development, from the oldest on Kauai to some of the relatively young rocky soils on the island 

of Hawaii (Whitesell, 1964). Koa trees do not tolerate salt, constant water-logging, or shade 

(Wilkinson and Elevitch, 2003). 

The species occurs in mesic forests in a wide range of habitats elevations, from sea level 

to approximately 2300 m and mean annual precipitation of 850–5,000 mm (Contu, 2012; Elevitch 

et al., 2006). Koa is currently found in lowland to montane areas and dry to semi saturated rain 

forests. Most koa-rich forests are in four life zones: Subtropical Moist Forest, Subtropical Lower 

Montane Moist Forest, Subtropical Wet Forest, and Subtropical Lower Montane Wet Forest. The 

largest populations of koa occur at 1000 to 2000 m on Hawaii, where they are a dominant element 

of the native lower montane forests (Baker et al., 2009). 

Koa is a large, fast-growing evergreen tree (Morales et al., 2011), greater than 25 m in 

height, which is one of the two dominant canopy species along with Metrosideros polymorpha ('ō' 

hia) in native Hawaiian forests (Gugger et al., 2018). Trees reach maturity between 25 to 100 years 

(Wilkinson and Elevitch, 2003).  

Koa is closely related to Australian and other South Pacific Acacia species, such as A. 

melanoxylon in Australia (Robinson and Harris, 2000). Koa can be divided into morphologically 

distinguishable groups of Acacia koaia Hillebrand, Acacia koa, and populations that are 

intermediate between these extremes (Adamski et al., 2012). 
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There is high variation across koa seed sources in several ecophysiological and growth 

traits (Daehler et al., 1999). Some koa trees produce tiny seeds, while others produce much larger 

seeds (Wilkinson and Elevitch, 2003). Koa growth form and habits are quite variable from island 

to island. Trees from the island of Hawaii have phyllodes (sickle-shaped, leaf-like structures) that 

are broader and less curved than those from trees native to the older islands in the Hawaiian chain. 

On Kauai, two local forms of koa can be found: one that produces round seeds and another that 

produces oblong seeds (Baker et al., 2009). 

Koa is a heteroblastic species. Heteroblasty at the leaf level refers to the transition of leaf 

form associated with age-related development (Zotz et al., 2011). Koa leaves transition from 

bipinnately compound, horizontally oriented true leaves to vertically oriented phyllodes (Rose et 

al., 2019). 

Koa is pollinated by native and non-native bees (Miller et al., 2015). Koa flowers appear 

to be self-fertile. Dichogamy in koa does not prevent cross-pollination among flower heads on the 

same tree (Baker et al., 2009; Sun et al., 1996). The inflorescence of koa is an axillary raceme of 

pale-yellow heads composed of many flowers. Each flower has an indefinite number of free 

stamens and a single elongated style (Whitesell, 1964). The fruit is a legume, slow to dehisce, 

about 15 cm long and 2.5 to 4 cm wide. The pods contain about 12 seeds that vary from dark brown 

to black (Burns and Honkala, 1990). 

Koa seeds have a hard, impermeable coat that requires scarification to allow water to 

contact the germ (Ishihara et al., 2017). Mechanical scarification (nicking with a nail clipper on 

the side opposite the point of attachment to the pod) is used for small lots. Hot water treatment is 

another alternative, by pouring water at 90 °C over koa seeds for one to three minutes. In all cases, 

scarified seeds need to be soaked overnight in cool water so that seeds fully imbibe before sowing. 

Following pretreatment, seeds germinate in two to seven days (Wilkinson and Elevitch, 2005). 

1.2 Ecologic, cultural and economic value of koa 

Koa is considered a keystone species that several plants and animals depend upon 

(Welsbacher, 2003). About 30% of the threatened and endangered plant species in Hawaii are 

associated with koa forests (Scowcroft et al., 2010). Furthermore, over 50 species of insects found 

nowhere else on earth evolved specifically for koa (Wilkinson and Elevitch, 2003). Koa forests 
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harbor 30 of Hawaii's remaining 35 endemic bird species, 17 of which are endangered (Scowcroft 

et al., 2008). 

Researchers investigated habitat use by Akiapolaau (Hemignathus munroi), an endangered 

Hawaiian honeycreeper, in three habitat types: a relatively intact old-growth forest, an old-growth 

forest with a long history of grazing, and a native koa plantation. They found that Akiapolaau were 

highly selective foragers, foraging primarily on koa despite its relative scarcity in the environment 

(Pejchar et al., 2005). 

Transmission of avian malaria in the Hawaiian Islands varies across altitudinal gradients. 

It is highest at elevations below 1500 m where both temperature and moisture are favorable for the 

sole mosquito vector, Culex quinquefasciatus (Atkinson et al., 2014). Avian malaria constrains 

several remaining Hawaiian bird species to high elevations forests where temperatures are too cool 

for malaria's life cycle and its principal mosquito vector (Fortini et al., 2015). 

Koa trees had deep spiritual significance in the Hawaiian culture (Wilkinson and Elevitch, 

2003). In the Hawaiian language, the name Koa means warrior, brave, bold (Pukui, 1957). Koa 

was long associated with Hawaiian royalty (Baker et al., 2009) and has been used to build the 

Hawaiian canoe, considered by many to be "the most seaworthy and versatile rough-water craft 

ever developed by any culture" (Wilkinson and Elevitch, 2003). Building and sailing of voyaging 

canoes required the labor of the entire community (Wilkinson and Elevitch, 2003). 

Koa is the primary native hardwood species with commercial value in Hawaii (Scowcroft 

et al., 2010). Its premier timber is currently considered one of the most expensive in the world. It 

is utilized for furniture, veneer, crafts, musical instruments as guitars, bowls, and surfboards 

(Dudley et al., 2007; Elevitch et al., 2006). 

1.3 Challenges and opportunities for koa restoration 

Timber extraction, forest clearing for pasture and agriculture, and the introduction of 

invasive species during the 19th and early 20th centuries have reduced koa range across the 

Hawaiian Islands (Baker et al., 2009; Dudley et al., 2015). In addition, the presence of koa wilt 

and dieback, a critical disease first described on koa in 1980 (Gardner, 1980), has caused further 

decline in the low elevation populations in recent years (Dudley et al., 2007). On several sites on 

the Island of Hawai'i, the introduced invasive kikuyu grass (Pennesitum clandestinum Hochst. ex 

Chiov.) poses a challenge to koa reforestation (Dumroese et al., 2011).  
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Although koa conservation status is considered as "of least concern" by the International 

Union for Conservation of Nature (IUCN) red list, nowadays, only about 10% of the original koa 

forests remain. Nevertheless, the interest in the restoration of native forests has grown in recent 

years due to declining profits from ranching, the need to expand habitat for endangered species, 

and the increasing demand of native saw-timber (Scowcroft and Jeffrey, 1999; Wilkinson and 

Elevitch, 2003). 

Restoration of mixed-species native forest to high elevation rangeland in Hawaii is 

believed to be an essential step for the long-term survival of several endangered forest birds. Avian 

malaria cannot occur in these high elevation refuge habitats because temperatures are too cool, but 

global warming of only 2 °C would allow its transmission. Widening the band by converting 

grassland back to forest would potentially mitigate the adverse effect of global warming 

(Scowcroft et al., 2000). 

Nevertheless, koa restoration faces a challenge at high elevations. Koa seedlings planted at 

elevations above 1800 m frequently suffer high mortality and stunted growth from frost damage 

due to low nighttime winter temperatures. For planting in high-elevation sites, koa trees should 

therefore be selected for cold tolerance (Scowcroft and Jeffrey, 1999).  

1.4 Justification and objectives of the research 

Growing koa commercially may be compatible with the re-establishment of other forest 

ecosystem services, including biodiversity, carbon sequestration, watershed protection, scenic 

beauty, and recreational opportunities (Goldstein et al., 2006; Pejchar and Press, 2006). 

Reforesting degraded landscapes with native, high-value timber trees may contribute to 

biodiversity protection while also increasing the economic value of the land. Ideally, reforested 

areas should have the habitat characteristics to support viable populations of native fauna (Pejchar 

et al., 2005). 

To contribute to the success of koa restoration initiatives, two research projects were 

conducted as part of this thesis. The first project consisted of analyzing the freeze tolerance of 

seedlings from koa populations distributed across an elevational gradient on the Island of Hawai'i, 

while the second project involved determining heritability estimates and the genetic gain of traits 

within and among high-elevation koa families in progeny trials in the Island of Hawai’i. 
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The objectives of the freeze tolerance project were to determine if all koa ecotypes develop 

freeze hardiness as a mechanism to tolerate freeze damage and if koa populations from high 

elevations show higher freeze tolerance than populations from low elevations. Results from this 

project, along with other research, will help to determine the feasibility of using koa seed sources 

from low elevations for restoration initiatives at higher elevations. 

The objectives of the progeny trial project were to calculate the heritability estimates of 

traits of interests and the genetic gain of traits within and among families, as well as to analyze if 

there is genetic variability among koa families planted in the different sites of the progeny test. If 

that were the case, another objective would be to identify families with high-quality traits. The 

results from this study will contribute useful information about koa genetic variability, so that in 

the long term it will be possible to provide improved koa seeds and seedlings to landowners. 

Understanding if koa ecotypes show a difference in their mechanisms to tolerate freeze and 

if genetic variability exists among koa families will be vital information to contribute toward the 

development of seed transfer guidelines. These guidelines will allow managers to adequately 

match seed sources to planting sites in order to ensure the success of koa regeneration initiatives. 

  

Figure 1.1 Distribution of koa in the Hawaiian archipelago (left) (Baker et al., 2009). Map (right) 

showing modeled former distribution of koa (pale green) and current distribution (dark green) on 

Hawai'i Island (Courtesy of J.P. Price). 
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  FREEZE TOLERANCE AMONG HAWAIIAN TREE 

ACACIA KOA A. GRAY POPULATIONS FROM DIFFERENT 

ELEVATIONS 

2.1 Abstract 

Damage from frost is a major limitation to reforestation and forest restoration projects.  

Most studies investigating environmental and genetic effects on frost resistance have used boreal 

and temperate tree species, with relatively few investigations in tropical trees. Koa (Acacia koa A. 

Gray) is a valuable tropical hardwood tree species endemic to the Hawaiian Islands. Koa occurs 

across a wide elevational gradient and newly planted trees are subject to winter frost at high 

elevations. The objective of this study was to determine if different ecotypes of koa show variation 

in freeze hardiness as a mechanism to tolerate cold and if exposure to hardening conditions prior 

to frost exposure can modify such cold tolerance adaptation. Thirteen populations of koa (Acacia 

koa A. Gray) were grown from seeds collected across an elevational range from 603 m to 2050 m 

on the Island of Hawai’i. Four-month-old greenhouse-grown seedlings obtained from these seeds 

were then divided into control seedlings (maintained at 25 °C day, 22 °C night) and chilling-

acclimated seedlings (held at 8 °C day, 4 °C night). After six weeks, ten acclimated and ten non-

acclimated seedlings per population were tested for freeze tolerance by electrolyte leakage at 

temperatures from 5 °C to –20 °C. Results showed a higher index of cold damage in the non-

acclimated seedlings for most of the populations at the two lowest test temperatures. There were 

some differences in the index of damage among the population elevations, depending on the test 

temperature. 

2.2 Introduction 

Koa (Acacia koa A. Gray) is an ecologically, culturally, and economically important native 

tree in the Hawaiian Islands. Koa possesses high value wood, one of the most expensive in the 

world (Wilkinson and Elevitch, 2003). Koa wood and veneer are used in furniture, musical 

instruments, and a wide variety of other decorative and craft products. Koa wood was also 

associated with Hawaiian royalty and has long been used to build the traditional Hawaiian 
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outrigger canoes for fishing, racing, and voyaging (Baker et al. 2009). Koa forests are an important 

habitat for rare birds (Little and Skolmen, 1989) 

The species has been excessively harvested because of its valuable wood, reducing its 

abundance (Wilkinson and Elevitch, 2003). Since the 1850s, high elevation Hawaiian forests were 

also frequently converted to cattle pasture (Scowcroft and Jeffrey, 1999). Only about 10% of the 

original koa forests remain (Wilkinson and Elevitch, 2003), and koa must now compete with 

introduced invasive grasses such as kikuyu grass (Pennesitum clandestinum), further exacerbating 

natural regeneration. 

Nevertheless, the interest in restoration of native forests has grown in recent years due to 

declining profits from ranching, the need to expand habitat for endangered species, and the 

increasing demand of native saw-timber (Scowcroft and Jeffrey, 1999). As climate warms, 

reestablishment of high-elevation forests, particularly on Hawaii and Maui, is essential for native 

forest birds to provide habitat in which to escape from avian malaria (Baker et al. 2009). Once 

established, koa can serve as a nurse crop for other understory native species, which is an important 

factor to consider when restoration is the objective (Scowcroft and Jeffrey, 1999). 

Koa ranges from lowland dry forest to montane wet forest (Wagner et al. 1990) but is 

absent from very wet rainforests (Mueller-Dombois, 1987). While sea level marked the original 

native lower elevation of koa, its current effective range is limited to elevations above 610 m (2000 

ft), due to pests and diseases (Figure 1.1) (Elevitch et al. 2006), and below about 2134 m (7000 ft) 

with scattered trees above 2200 m (7217 ft). At lower elevations, koa trees are susceptible to koa 

wilt and dieback disease, a serious vascular disease caused by Fusarium oxysporum. Planted stands 

at elevations below 760 m (2500 ft) are the most frequently affected (Dudley et al., 2015).  

While pests and disease are the primary deterrent to koa establishment at lower elevations, 

a limiting factor for restoration of koa and other native species at high elevation sites in Hawai’i 

is exposure of planted seedlings to winter frost. Frost damage reduces survival (Scowcroft et al. 

1999, 2000) until seedlings grow tall enough to escape the frost zone concentrated at the soil 

surface. Koa seedlings need to overcome frost damage to get established at high elevations, for 

example, at key frost zones between 1900 and 2200 m, despite past presence of the species on 

these sites before deforestation for the ranching industry (Earnshaw, 2017; Scowcroft and Jeffrey, 

1999). Significant mortality occurs when koa seedlings are exposed to temperatures of –4 °C or 

below for some hours, though little is known of the tolerance limits of mature trees to frost (Allen, 
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2002). Artificial frost protection devices, consisting of a single layer of vertically oriented shade 

cloth placed on the east side of seedlings, may reduce frost damage associated with less radiative 

cooling (Scowcroft et al. 1999, 2000). But these devices are expensive and time consuming to 

install and maintain. 

While frost events are rare below ~1500 meters, repeated freezing events occur between 

December-February at elevations above ~1800 meters (Scowcroft et al., 2000). The coldest 

temperature ever recorded in Hawaii was 12 °F at Mauna Kea, north-central island of Hawaii, in 

1979 (National Climatic Data Center). At times the upper slopes of Mauna Kea and Mauna Loa 

are covered with snow during the winter.  It is possible that under favorable circumstances cold 

air formed immediately above this snow cover on clear nights drains into local depressions and 

accumulates to sufficient depths to produce temperatures of 5° F or lower at the higher elevations 

(Western Regional Climate Center). 

Thus, koa populations from different elevations are subject to varying temperatures 

throughout the year (Appendix Figure A.2), with only high elevation sources being exposed to 

winter frost.  This suggests that different koa populations would have varying levels of frost 

tolerance. Specifically, koa populations from higher elevations, may be better adapted to freezing 

temperatures, but these effects have been sparsely studied. Frost tolerance is not isolated from 

other traits of interest, because it is correlated with growth (Ritchie 1991) and other metabolic 

plant functions; therefore, its importance to koa forest development likely extends beyond frost 

tolerance of regeneration. 

Selecting genetic sources of Acacia koa (koa) that exhibit high cold tolerance during the 

establishment phase of regeneration may help to improve efficiency and success of restoration. 

Previous research in Hawai’i (Rueda-Krauss, 2014) did not detect differences among koa families 

in frost tolerance but used 9-year-old trees (rather than seedlings) and included a limited number 

of populations. Significant seasonal variation was observed in frost tolerance, however, indicating 

that koa does adapt according to phenological cues (Rueda-Krauss, 2014). 

Damage from frost is a major limitation to reforestation and forest restoration projects.  

Most studies investigating environmental and genetic effects on frost resistance, however, have 

used boreal and temperate tree species.  Koa in Hawaii represents a unique case study of a tropical 

forest tree species for which frost serves as a major limitation to forest restoration in high elevation 

pasturelands.  The objective of this study was to assess the differences in freeze tolerance responses 
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among koa populations occurring across an elevational range on the Island of Hawaii, as well as 

to determine if exposure to hardening conditions prior to frost exposure can modify such cold 

tolerance adaptation.  Specific research questions were as follows:  1) Do koa populations from all 

altitudinal zones (low, medium and high elevations) develop freeze hardiness as a mechanism to 

tolerate frost?  2) Do populations of koa from higher elevations show greater freeze tolerance than 

koa populations from lower elevations? 3) To what extent does exposure to environmental 

conditions to induce hardening affect freeze tolerance of koa? 

2.3 Methods 

2.3.1 Plant material 

Koa (Acacia koa A. Gray) seeds were collected from 13 populations located across an 

elevational gradient between 603 m and 2050 m on the Hawai’i Island (Figure 2.1 and Table 2.1). 

Seeds were transferred to the Forest Ecology, Silviculture and Soils Laboratory (FESSL) at Purdue 

University (West Lafayette, IN) for storage. Every population corresponded to a single elevation. 

Seeds were scarified with hot water and later germinated on moist paper towels at 19 to 

20°C in darkness. Upon the emergence of the radicle and before it reached 1 cm, seedlings were 

transferred in plastic pots of 6 x 7 cm diameter and 25 cm depth; (D40L/D40H; Stuewe and Sons, 

Inc., Tangent, OR) filled with growing media of coarse sphagnum peat moss (60-70 %), bark and 

perlite (BM7; Berger, Saint-Modeste, Quebec, Canada). Seedlings were grown in a greenhouse at 

the Department of Horticulture and Landscape Architecture (HLA) Plant Growth Facility during 

July 2018. 

For the first two weeks after germination, seedlings from each population were irrigated 

every 1-2 days to saturation alternately with 30% dilution of the fertigation water formulation 

(Petunia Special with Black Iron 20-3-19; ICL Specialty Fertilizers, Dublin, OH) and water. After 

two weeks seedlings were irrigated every 1-2 days to saturation alternately with the fertigation 

water without dilution, and water. 

Each tray contained 20 seedlings from a single population. There were two trays per 

population, which were distributed randomly on the benches in the greenhouse. After 1.5 months, 

seedlings were thinned to ten per tray. 
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Table 2.1. Sources, elevation, location and land cover of koa populations studied. 

Populations 
Elevation 

(m) 

Annual 

Rainfall 

(mm) 

Coordinates Land cover 

Latitude Longitude 

 

BK-Saddle 1 603 5707.3 19.67932° N, 155.182° W Hawaii Lowland Rainforest 

BK-Saddle 2 659 5733 19.67932° N, 155.1899° W Hawaii Lowland Rainforest 

BK-Saddle 3 710 5779.7 19.69229° N, 155.2015° W Hawaii Lowland Rainforest 

BK-Saddle 4 766 5903.7 19.69476° N, 155.2144° W Hawaii Lowland Rainforest 

BK-Saddle 5 882 6227 19.70094° N, 155.2353° W Hawaii Lowland Rainforest 

BK-MLSR 3 1208 1871.8 19.43908° N, 155.3005° W 
Hawaii Montane-Subalpine 

Mesic Forest 

BK-MLSR 2 1212 1846.7 19.43338° N, 155.2957° W 
Hawaii Montane-Subalpine 

Dry Shrubland 

BK-MLSR 1 1227 2036.4 19.43358° N, 155.2811° W 
Hawaii Montane-Subalpine 

Mesic Forest 

Gaspar's Dairy 1371 892.98 19.48653° N, 155.8261° W 
Hawaii Montane-Subalpine 

Mesic Forest 

Kona Hema 

Papa 
1400 809 19.19974° N, 155.795° W 

Hawaii Montane-Subalpine 

Mesic Forest 

UMIKOA 1600 1992.6 19.92584° N, 155.3476° W 
Hawaiian Introduced Perennial 

Grassland 

BIR 1976 1593.3 19.8569° N, 155.3401° W 
Hawaiian Introduced Perennial 

Grassland 

BK-MLSR 4 2050 1631.8 19.49243° N, 155.3865° W 
Hawaii Montane-Subalpine 

Dry Shrubland 
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Figure 2.1. Location of the 13 studied populations of Acacia koa across an elevational gradient 

from 603 m to 2050 m on the Island of Hawai’i, from where seeds were collected for the 

experiment. Source: Google Maps. 
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2.3.2 Acclimation treatments 

In November 2018, after four months of growth in the greenhouse, we selected 20 seedlings 

per population of average shoot height, discarding larger or smaller plants of each population and 

then divided them into two groups. Ten seedlings of each of the 13 populations were put in two 

growth chambers (model Conviron) for 1.5 months of chill acclimation, with reduced photoperiod 

and lower temperature (Table 2.2). The other half of the seedlings from each population (10 

seedlings) remained in the greenhouse at ~25.5°C with 14 hours of photoperiod and light of 500 

μmol/m²/sec. The seedlings of each population were distributed among the two growth chambers.  

To gradually expose the greenhouse-grown seedlings changes in chilling and light regime 

upon transfer to the growth chambers, the temperatures were decreased gradually according to 

specifications of Table 2.2 to final temperature of 8 °C during the day and 4 °C during the night, 

photoperiod reset to 11 hours light/13 hours dark and light intensity of 200 μmol/m²/sec (Table 

2.2). 

2.3.3 Freezing tests and conductivity measurements 

After six weeks of cold acclimation, 20 seedlings per population (10 acclimated and 10 

non-acclimated) were used in tests of freezing tolerance. The fourth leaves of every seedling were 

collected and collated in re-sealable plastic bags with deionized water and the plastic bags were 

placed in a cooler to decrease water loss. Once in the laboratory, the cooler was placed in a 

refrigerator at ~4° C overnight. The collected leaves of each seedling were sectioned. Two sections 

of leaflets of about 3.5 cm of length were assigned without a specific order to each of five different 

test temperatures (described below). 

The tissue samples consisting on the leaflet’s sections were placed in 20-ml polypropylene 

scintillation vials that contained 15 ml of distilled water. Water was added to each vial to prevent 

desiccation during freezing and after that the vials were capped. Five sets of vials were prepared 

per repetition (one set for each test temperature). Five test temperatures, consisting of one control 

temperature + four below-freezing temperatures (˗5, ˗10, ˗15 and ˗20 °C), were selected based on 

the expected hardiness of the samples. The control samples were placed in a refrigerator at ~4 °C 

for 24 hours. The samples designated for freezing were placed into a programmable freezer 

(Scientemp Corp 40-21 B) set to ~4 °C. Temperature was thereafter decreased at a rate of 5 °C per 
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hour. When the freezer temperature reached –2° C, the vials were gently shaken to promote ice 

nucleation.  

 

Table 2.2. Conditions of non-acclimated seedlings and chill-acclimated seedlings. There was a 

gradual change in the variables per condition during the chill acclimation procedure of the 4-

month old Acacia koa seedlings. 

Conditions Photoperiod 

(hours) 

Temp Day 

(°C) 

Temp Night 

(°C) 

RH (%) Watering 

frequency* 

Light intensity 

(μmol/m²/sec) 

Greenhouse 14 ~25.5 ~22.2 <~80 Every 1-2 

days 

~500 

Week 1 

growth 

chamber 

11 15 10 ~80-85 Every 4 

days* 

200 

Week 2 

growth 

chamber 

11 12 6 ~80-85 Every 10 

days* 

200 

Week 3 

growth 

chamber 

11 8 4 ~80-85 Every 10 

days* 

200 

Week 4 

growth 

chamber 

11 8 4 ~80-85 Every 10 

days* 

200 

Week 5 

growth 

chamber 

11 8 4 ~80-85 Every 10 

days* 

200 

Week 6 

growth 

chamber 

11 8 4 ~80-85 Every 10 

days* 

200 

Note: *Depending on the current moisture conditions 

 

Electrolyte leakage, which quantifies the amount of tissue damage as a measure of the 

proportion of cell solutes lost due to freezing damage at a range of temperatures (Haase, 2011), 

was used to assess frost tolerance. Upon reaching each freeze test temperature, corresponding 

samples of leaflets were maintained in the freezer for 60 minutes, removed and placed in a 

refrigerator for thawing ~4°C for 24 hours. Sample vials of all test temperatures were then placed 

at room temperature for 18 hours for complete thawing. Initial electroconductivity was then 

measured with an electrical conductivity meter (Mettler Toledo, Columbus, OH); the probe was 

introduced in the vial containing the tissue sample on the deionized water, then softly shaken, and 
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after 10 seconds, the lecture was recorded. After the initial measure, the samples were placed in a 

refrigerator at ~4°C overnight. The following day, samples were autoclaved (which achieves 100% 

electrolyte leakage) at 120°C for 20 minutes and then allowed to cool at room temperature. Once 

the vials were cooled, electroconductivity was measured again to determine total electrolytes. 

Electrolyte leakage of samples from each test temperature was expressed as a percentage of total 

electrolytes (Appendix Table A.1). The percentage of index of damage (Id) was calculated using 

the following formula (Jacobs et al., 2008): 

Id (%) = (freeze-induced EL/ maximum EL) X 100 

2.3.4 Statistical Analyses 

We conducted linear mixed effect regression models to evaluate influence of population 

elevation, test temperature, acclimation treatment, test day and plant identification over damage 

index of the tissue samples. Effects of the different variables are specified in Table 2.3. Interaction 

effects of the predictors on the damage index were also analyzed. Variables were kept in the model 

if significant. 

After conducting a residual analysis of the response variable damage index, we found that 

residuals were not normally distributed, furthermore, we found that the assumption of 

homogeneity of variance was also violated. Therefore, non-parametric analyses were used, and the 

response variable Damage Index was Log transformed. 

After performing the mixed effects regression model, a non-parametric bootstrap was 

conducted to get confidence intervals of the parameters. The following model was used: 

 

y = elevation + test temperature + acclimation + (test temperature) ² + elevation*test temperature 

+ test temperature*acclimation + (1|day) + (1|plant ID) + 𝜀 

 

Statistical analyses were carried out to determine whether seedlings of populations from 

higher elevations show higher freeze tolerance than populations from lower elevations, and how 

this may interact with cold acclimation. All analyses were performed using R Statistical Software 

(R Core Team, 2019), version 3.5.3. Differences were considered significant at α=0.05. The 

package “lme4” was used to evaluate the fixed effects and random effects on damage index. We 
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used the package “lmerTest” to obtain p-values for the analyses done with package “lme4” 

(Kuznetsova et al., 2017). 

Table 2.3. Variables used in the linear mixed effects regression model. 

Variable Nature Effects for model 

Elevation Continuous Fixed 

Test temperature Continuous Fixed 

Acclimation Treatment Categorical Fixed 

Days Categorical Random 

Plant ID Categorical Random 

Damage Index Continuous Response variable 

 

2.4 Results 

2.4.1 Frost hardiness 

Samples of cold-acclimated seedlings corresponding to nearly all the populations 

distributed across elevations included in the experiment developed cold hardiness, showing 

significantly lower damage (p<0.0001) than the samples of non-acclimated seedlings when 

exposed to -20 ° C (Figure 2.2). The exception was for the samples corresponding to the population 

BK-MLSR 1, located at elevation 1212 m. Samples of cold-acclimated seedlings of BK-MLSR 1 

showed greater frost damage than the samples of non-acclimated seedlings of the same population 

when exposed to -20 °C (Figure 2.2). 

The interaction effects between cold acclimation and test temperature over the index of 

damage were significant (p<0.0001; Figure 2.3). In contrast, the main effects of cold acclimation 

over the index of damage were not significant.  Samples from populations located at elevations 

603 m, 659 m, 710 m, 766 m, 1208 m, 1227 m, 1371 m, 1400 m, developed cold hardiness at test 

temperature -15 °C. On the other hand, samples from acclimated seedlings did not show significant 

differences in frost damage compared to samples of non-acclimated seedlings when exposed to 

5 °C, -5 °C, or -10 °C (Figures 2.4 and 2.5). 
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Figure 2.2. Interaction effects between elevation (m) of koa populations and acclimation 

treatment (1 represents cold-acclimated and 0 non-acclimated) on Damage Index (%) of samples 

averaged across test temperatures (5, -5 -10, -15 and -20 °C).  

 

 

 

Figure 2.3. Interaction effects between test temperature (5, -5, -10, -15 and -20 °C) and 

acclimation treatment (1 represents cold-acclimated and 0 non-acclimated) on Damage Index 

(%) of samples averaged across population elevations (from 603 m to 2050 m). 
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Figure 2.4. Mean (± SE) Damage Index (%) by frost damage across population elevations and 

test temperatures of tissue samples of cold-acclimated seedlings from 13 populations of Acacia 

koa. Test temperatures included in this figure consist of a control test at 5 °C, and four freezing 

temperatures: -5, -10, -15 and -20 °C. 

 

 

Figure 2.5. Mean (± SE) Damage Index (%) by frost damage across population elevations and 

test temperatures of tissue samples of non-acclimated seedlings from 13 populations of Acacia 

koa. Test temperatures included in this figure consist of a control test at 5 °C, and four freezing 

temperatures: -5, -10, -15 and -20 °C. 
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2.4.2 Effect of population elevation and test temperature on frost damage 

The main effects of population elevation over the index of damage were significant 

(p<0.0001). The interaction effects between population elevation and test temperature over the 

index of damage were also significant (p<0.002). When exposed to temperatures 5 °C, -5 °C, and 

-10 °C, samples from some populations showed significant differences in frost damage. 

Differences in damage increased among samples of different populations at test temperature -15 °C 

and mainly at -20 °C (Figure 2.6). 

Index of damage differed among freeze test temperatures for both acclimated and non-

acclimated seedlings. Differences in damage were significant when comparing samples exposed 

to test temperature -20 °C with samples exposed to all the other test temperatures (p<0.0001). 

For samples from both acclimated and non-acclimated groups, eight of thirteen populations 

showed a significant difference in damage among samples exposed to -15 °C and samples exposed 

to the warmer test temperatures (Figures 2.4 and 2.5). When exposed to test temperature -20 °C, 

populations from elevations 603 m to 1208 m showed significantly higher damage than 

populations from elevations 1227 m and 1600 m. When exposed to test temperature -15 °C, 

samples of populations from elevations 603 m to 882 m, showed significantly higher freeze 

damage than samples of populations from higher elevations, except by samples from elevations 

1208 m and 1371 m. At this test temperature, samples of elevation 766 m showed significantly 

higher damage by freeze than nearly all the other populations, except by the samples of the 

elevation 882 m. When exposed to test temperature -10 °C, samples of populations from elevations 

603 m to 882 m, showed significant higher frost damage than samples of populations from 

elevations 1400 m to 1976 m. 

We observed that samples corresponding to all the populations did not reach the 50 % of 

freeze damage (LT50) when exposed to any of the test temperatures, except -20 °C (Figure 2.7). 

Thus, we could not calculate LT50 because not all the populations reached an average of 50 % of 

damage. Samples from populations corresponding to the elevations 603 m, 659 m, 710 m, 766 m, 

882 m, 1208 m, 1371 m, 1400 m of the non-acclimated group, reached an average of 50 % of 

damage when exposed to -20 °C. On the other hand, only samples corresponding to the elevation 

882 m of the cold-acclimated group reached an average of 50 % of damage when exposed to -

20 °C. 
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Figure 2.6. Mean (±SE) Damage Index (%) by frost damage across population elevations and test 

temperatures of tissue samples of both cold-acclimated and non-acclimated seedlings from 13 

populations of Acacia koa. Test temperatures included in this figure consist of a control test at 

5 °C, and four freezing temperatures: -5, -10, -15 and -20 °C. 

2.4.3 Cold-acclimated seedlings 

At -20 °C, samples of populations from elevations 1600 m and 1976 m showed 

significantly lower frost damage than samples of populations from nearly all the other elevations, 

except by samples of the population from elevation 1400 m (Figure 2.4). When exposed to test 

temperature -15 °C, populations from elevations 603 m to 882 m showed significantly higher frost 

damage than the populations from higher elevations, except by samples from elevations 1208 m, 

1371 m, and 2050 m (Figure 2.4). 

2.4.4 Non-acclimated seedlings 

At temperature -20 °C, samples of populations from elevations 603 m to 1208 m showed 

significantly higher damage than the population from elevation 1212 m (Figure 2.5). When 

exposed to test temperature -15 °C, populations from elevations 603 m to 882 m showed 

significantly higher frost damage than the populations from higher elevations, except by samples 

from elevations 1208 m and 1371 m. When exposed to test temperature -10 °C, samples of 

populations from elevations 603 m to 882 m showed significantly higher frost damage than the 

samples of populations from elevations 1400 m to 1976 m (Figure 2.5).  
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Figure 2.7. Comparison of Damage Index (%) of samples of the populations from all the 

different elevations per test temperature (5, -5, -10, -15 and -20 °C) and per acclimation (1 

represents cold-acclimated and 0 non-acclimated). 

 

Table 2.4. Type III Analysis of Variance Table of mixed model with Satterthwaite's method. 

 Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 

Population elevation              0.7086   0.7086      1 1266.25 

  

15.3406 < 0.001 

Test temperature              10.2388 10.2388    

  

1 1266.22 221.6509 < 0.001 

Acclimation 0.0046   0.0046      1 6.11    0.1006 0.762     

(Test temperature) ² 21.6963 21.6963    

  

1 1266.18 469.6854 < 0.001 

Pop. elev. x Test temperature    

  

0.5997   0.5997      1 1266.19 

  

12.9823 < 0.001 

Test temperature x Acclimation

   

1.5996   1.5996      1 1266.19 

  

34.6295 < 0.001 

Note: Bold font indicates significant difference. 
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Table 2.5. Linear mixed effects regression. Confidence intervals obtained through non-

parametric bootstrap. 

Fixed effects Estimate Std. Error   

       

df t value Pr(>|t|) 2.5 % 97.5 % 

(Intercept)                    7.961e-01   3.048e-02   3.183e+01   26.123   < 0.001 7.360e-01   8.623e-01 

Population elevation        

      

-7.400e-05 

  

1.889e-05   1.266e+03 -3.917 < 0.001 -1.125e-04 -3.752e-05 

Test temperature              -3.106e-02 

  

2.086e-03   1.266e+03 -14.888

   
< 0.001 -3.528e-02 -2.691e-02 

Acclimation -9.003e-03 

  

2.838e-02   6.115e+00   -0.317 0.762     -6.408e-02 

  

5.290e-02 

(Test temperature) ² 4.658e+00   2.149e-01   1.266e+03   21.672   < 0.001 4.184e+00   5.035e+00 

Pop. elev. x Test 

temperature      

5.472e-06   1.519e-06   1.266e+03  

  

3.603 < 0.001 2.476e-06   8.432e-06 

Test temperature x  

Acclimation   

8.225e-03   1.398e-03   1.266e+03  

  

5.885 < 0.001 5.570e-03   1.102e-02 

Note: Bold font indicates significant difference. 

Table 2.6. Variance and Standard Deviation of random effects of mixed model. 

 

 

2.5 Discussion 

The climate at high elevations in Hawai’i is relatively unpredictable in terms of the duration 

of subzero temperatures and the lowest nighttime subzero temperature. However, plants growing 

at high elevations (above 1800 m) in Hawaii are commonly subjected to nocturnal freezing 

temperatures, mainly during the winter months from December to February (Scowcroft et al., 

2000). Plants growing in this tropical alpine habitat have therefore been under selective pressures 

for the evolution of freezing tolerance mechanisms (Lipp et al., 1994). An incomplete suite of 

characteristics, which would lead to either a strict tolerance or avoidance of extracellular ice 

formation, appears to have developed in high-elevation Hawaiian flora. Typical freezing tolerance 

is not fully expressed in most of these species, probably due to the recent evolutionary status of 

these taxa in the isolated Hawaiian archipelago (Lipp et al., 1994). 

Random effects: 

Groups    Name Variance Std.Dev. 

Plant ID (Intercept) 4.845e-05 0.00696 

Day       (Intercept) 5.030e-04 0.02243 

Residual  4.619e-02 0.21493 

Number of obs: 1279, groups:  plant_ID, 10; day, 4 
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Frost is thus an important limiting factor for forest establishment in Hawaii because many 

sites targeted for forest restoration are high elevation (1900 and 2200 m), abandoned open pasture 

sites that are particularly prone to winter frost occurrence due to lack of canopy cover following 

deforestation for the ranching industry (Earnshaw, 2017; Scowcroft and Jeffrey, 1999).   

Results from our study showed a higher index of cold damage in the non-acclimated 

seedlings for most of the populations at the lowest test temperatures. These results concur with 

those of a previous study suggesting that koa trees at higher elevations undergo hardening during 

winter under ambient field conditions in Hawaii (Rueda-Krauss 2014). LT50 values averaged -

16.6°C (R2=0.83) during winter and -12.3°C (R2=0.87) during summer.  However, this study used 

9-year-old trees (rather than seedlings as in our study).  Frost tolerance is particularly important to 

ensure survival at the seedling stage, until trees grow tall enough to escape the frost zone 

concentrated at the soil surface (Scowcroft et al., 2000). Our results also partially agree with those 

of Loik and Redar (2003), who tested cold acclimation and freezing tolerance of the Great Basin 

Desert shrub, Artemisia tridentate using electrolyte leakage. They observed that when shifting 

day/night air temperatures from 25 °C/15 °C to 15 °C/5 °C, a significant degree of acclimation 

(1.5° C) occurred for plants from all three altitudes. Seedlings from the highest elevation exhibited 

the greatest acclimation change, although they did not observe differences in freezing tolerance 

based on elevation differences. 

Additionally, in our study there were some differences in the index of damage among the 

population elevations. These results differ from those of Rueda-Krauss (2014), who reported no 

differences in cold hardiness among populations in 9-year-old koa trees, although Rueda-Krauss 

(2014) tested only koa from higher elevations (1583 to 2101 m).  Our findings are similar, however, 

to those for population-specific differences in freezing resistance of Metrosideros polymorpha 

along an elevational gradient from sea level to tree line (approximately 2500 m) on the eastern 

flank of the Mauna Loa volcano in Hawaii (Melcher et al. 2000). In their study, leaves of low-

elevation field plants exhibited damage at –2 °C, before the onset of ice formation, which occurred 

at –5.7 °C, while leaves of high-elevation plants exhibited damage at approximately –8.5 °C, 

concurrent with ice formation in the leaf tissue. Melcher et al., (2000) attributed an enhanced 

capability of supercooling in resistance to freezing in their natural environment. 

In our study, we could not calculate LT50 because not all of the populations reached the 

50 % of freeze damage (LT50) when exposed to any of the test temperatures, except -20 °C (Figure 
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2.5). Although LT50 could not be calculated, given that our tested samples reached 50 % of damage 

only when exposed to -20 °C, we assume that LT50 of most of the populations would be similar, 

ranging from approximately -20 °C and colder temperatures than -15 °C. Often, the 50% level of 

relative electrolyte leakage, or index of injury, is simply equal to 50% sample lethality and the 

corresponding temperature is determined by graphical or regression methods from the leakage vs. 

test-temperature plot (Lindén et al., 2000). However, in measuring leakage from well-acclimated 

woody plants, the maximum values obtained at the lowest test temperatures often remains well 

below the 50% level (Lindén et al., 2000). Although most studies of cold tolerance use 50% 

electrolyte leakage as the critical viability threshold, many plants perish after suffering more than 

30% electrolyte leakage (Peixoto and Sage, 2016). 

Our results indicated that populations showed different levels of damage across test 

temperatures. Additionally, intra-population variance (among replications) increased as the test 

temperature decreased to -20 °C (Figure 2.5). This led to a large number of outliers and large 

residuals at -20 °C. The distribution of residuals was closer to normal after test temperature -20 °C 

was excluded from analysis. This variation at -20 °C, which may have reduced our statistical power 

to detect significant effects among populations, may potentially be attributable to our methodology 

(e.g., time allowed for electrolytes to dissipate in vials) or variable health of seedlings within 

populations.  Additionally, our ability to capture LT50 would have likely been improved by adding 

more test temperatures between -15 and -20 °C, as well as increasing the sample size (from only 

10 seedlings per population and hardening regime as used here). Finally, we suggest that a whole 

plant freeze test could have provided more realistic and complementary quantitative results, 

because damage estimated by electrolyte leakage is usually lower than that measured by a whole 

plant freeze test method when exposed to the same test temperatures. 

In conclusion, koa populations from all altitudinal zones (low, medium and high elevations) appear 

to develop cold hardiness as a mechanism to tolerate frost, though responses are dependent on test 

temperature (i.e., nearly of all them do at -20 °C and some of them at -15 °C). Some of our higher 

elevation populations showed greater cold tolerance than those populations from lower elevations, 

but the effect was only detectable at lower temperatures (somewhat at -15 °C, but especially at 

20 °C. There was overall higher cold damage observed for non-acclimated seedlings than 

acclimated seedlings for most populations at the lowest test temperature. This suggests that cold 

acclimation could be a useful tool to prepare koa seedlings to be planted in areas prone to freezing 
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winter temperatures. Practically, this could be accomplished by transporting seedlings from lower 

elevation nurseries to acclimate at higher elevation zones representative of the field sites at least 

several weeks prior to planting. 
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 HERITABILITY ESTIMATES AND GENETIC GAIN 

FOR TRAITS OF INTEREST IN A FOUR-YEAR-OLD HIGH-ELEVATION 

ACACIA KOA PROGENY TRIAL IN HAWAI’I 

3.1 Abstract 

Progeny tests in forestry are used to partition observed variance into genetic and 

environmental components. Heritability estimates from such analyses allow the possibility to 

determine whether a trait would benefit from breeding, the most effective selection strategy to use 

in a breeding program, and to predict gains from selection. Koa (Acacia koa A. Gray), is an 

endemic tree species to Hawaii of significant cultural, ecological, and economic value.  Koa shows 

high phenotypic variation across the widely heterogeneous environments comprising its native 

range.  The objective of this current work was to determine if there is genetic variability among 20 

koa families for height, basal diameter, and other parameters of interest, measured at 4 years of 

age, at a high-elevation progeny trial site on the windward slopes of Mauna Kea. Height, basal 

diameter, height to living crown, and projected crown area showed significant differences among 

families. The estimates of heritability of family means were higher than the estimates of individual-

tree heritability for height, projected crown area, and gross crown volume, yet showed the same 

value of the estimates of individual-tree heritability for basal diameter and live crown ratio.  Height, 

basal diameter, and height to live crown had relatively high heritability estimates > 0.4.  There 

were significant differences among the tested families in height, basal diameter, height to living 

crown and projected crown area. The relative performance rankings among families produced from 

this progeny test will allow forestry managers to make selections for relatively high performing 

koa families to supply regionally-adapted, improved koa seeds for reforestation in the vicinity of 

this test site. 



 

 

41 

3.2 Introduction 

3.2.1 Koa ecology, importance and restoration 

Koa (Acacia koa A. Gray), which in Hawaiian means “warrior”, is a charismatic tree 

species endemic to Hawaii that plays an important role, socioeconomically, culturally and 

ecologically in the Hawaiian Islands (Morales et al., 2011). Koa, along with Metrosideros 

polymorpha, is a dominant native species in the Hawaiian forests (Gugger et al., 2018) and is 

essential to the survival of several animal and plant species (Dudley et al., 2017). 

Over the past century, conversion of native forests for ranching, the uncontrolled expansion 

of invasive species, and the outbreak of a deadly fungal disease have reduced abundance of koa 

forests (Ishihara et al., 2017; Wilkinson and Elevitch, 2003) and constricted its distribution  to mid 

and high elevations (above 610 m and below about 2134 m). Dry forests in Hawaii are particularly 

sensitive to grazing and invasive grasses due to the lack of adaptive biological traits (Barbosa and 

Asner, 2017), which makes passive restoration unsuccessful because the grasslands tend to persist 

even after the removal of the grazers (Selmants et al., 2016). 

Interest in koa regeneration has increased in recent years (Scowcroft and Jeffrey, 1999). 

Recent land-use changes have led to opportunities to reforest large areas of degraded land with 

koa and there is now a strong demand for disease-resistant improved koa seeds and seedlings 

among state and private foresters (Elevitch et al., 2006). There are potentially >110,000 acres 

available for koa reforestation on Hawai’i Island alone. Efforts to reforest upper-elevation areas 

are further motivated by the importance of providing habitat to endangered birds, like the Hawaiian 

honey creeper, threatened by the spread of avian malaria (Plasmodium relictum) as the climate 

warms (Earnshaw et al., 2016). 

Koa occurs across widely heterogeneous environments (Wagner et al., 1990) and there is 

high variation across koa seed sources in several ecophysiological and growth traits (Daehler et 

al., 1999), which necessitates the matching of appropriate seed sources to planting sites (Wilkinson 

and Elevitch, 2003) in order to implement restoration efforts successfully. For example, 

temperature and precipitation of the seed source and the planting site should be similar, to facilitate 

adaptation (Callaham, 1959). 
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3.2.2 Genetic testing for tree improvement 

“Genetic testing is mandatory for any aggressive and successful tree improvement program. 

It lays the foundation for genetic decisions involving management of seed orchards and provides 

the material and information that will be the basis for advanced-generation tree improvement 

efforts” (Zobel and Talbert, 1984). 

Objectives of genetic testing include, among others, progeny testing, estimation of variance 

components and heritability, and demonstration of genetic gain (Zobel and Talbert, 1984). The 

main objective of progeny tests is to partition observed variance into genetic and environmental 

components. Additive genetic variance, phenotypic variance, heritability and genetic gains are 

calculated based on variance components (Isik, 2009). 

Heritability estimates are useful for breeding quantitative traits. The major applications of 

heritability are: 1) To determine whether a trait would benefit from breeding. Especially if the 

narrow sense heritability for a trait is high, the use of plant breeding methods will likely be 

successful in improving the trait of interest. 2) To determine the most effective selection strategy 

to use in a breeding program. Breeding methods that use selection based on phenotype are 

effective when heritability is high for the trait of interest. 3) To predict gains from selection. 

Response to selection depends on heritability. A high heritability would likely result in high 

response to selection to advance the population in the desired direction of change (Acquaah, 2012). 

Heritability is not the proportion of a phenotype that is genetic, but rather the proportion 

of phenotypic variance that is due to genetic factors. Heritability is a population parameter and, 

therefore, it depends on population-specific factors, such as allele frequencies, the effects of gene 

variants, and variation due to environmental factors. It does not necessarily predict the value of 

heritability in other populations (or other species). Nevertheless, it is surprising how constant that 

heritability is across populations and species (Wray and Visscher, 2008). 

Evaluating heritability of family means can be used to select the best families. Genetic 

gains from family selection are based on the heritability of family means, variation among families 

(phenotypic variance of family means), and the selection intensity (Isik, 2009). The total variance 

for a given trait is phenotypic variance. Phenotypic variance (VP) is composed of genetic (VG) 

and environmental (VE) variance or, VP = VG + VE. Genetic variance is contributed by the 

additive (VA), dominance (VD) and epistatic (VI) interactions of genetic effects. VP = VA + VD 

+ VI + VE (Isik, 2009).  
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An individual's breeding value is defined as the proportion of the genetic value that is 

transmitted to offspring created by mating the individual randomly to all other individuals in the 

population. For example, an individual tree in the parent population has a positive breeding value 

for height if its offspring grow faster than the mean of progeny produced from all possible matings 

among all parents in the population (White et al., 2007). Breeding values are estimated from 

progeny tests in which the offspring of many parents are planted together in randomized, replicated 

field experiments. Parents whose offspring grow faster, yet show a high disease incidence, will 

have a favorable estimated breeding value for growth, but an unfavorable estimated breeding value 

for disease incidence. Even with progeny test data, however, breeding values are only estimates 

because we measure the phenotypes of a limited sample of offspring from each parent (White et 

al., 2007). The amount of improvement in offspring that can be attained by selection of parent trees 

depends primarily on two factors: 1) The heritability of the traits being selected; and 2) The 

selection intensity. The higher the heritability and proportion of poor phenotypes culled prior to 

regeneration (i.e. greater the selection intensity), the greater the improvement expected in offspring 

(White et al., 2007). 

3.2.3 Koa genetic variability and improvement  

Acacia koa is tetraploid species with 2n = 4x = 52 (Hipkins, 2004). Substantial phenotypic 

variation in koa has been reported in the Hawaiian Islands. Researchers grew 72 koa families from 

the islands of O‘ahu, Kaua‘i, and Hawai‘i in two common gardens to determine whether 

phenotypic differences in phyllode morphology, extrafloral nectary morphology, and other 

characters have a genetic basis (Daehler et al., 1999). Significant differences among islands and 

families were observed for phyllode width, curvature, and pubescence, as well as extrafloral 

nectary size and pigmentation, retention of juvenile leaves, and branch bark color. Seed shape also 

differed significantly among islands (Daehler et al., 1999). 

Seed collections from individual koa trees began in the 1960’s. Half-sib progeny trials were 

planted between 1991 and 2003 at University of Hawaii’s College of Tropical Agriculture & 

Human Resources (CTAHR) Hamakua Field Station by Professor JL Brewbaker. Additional 

studies related to the genetic improvement of koa were undertaken in Hawaii from 1999-2003. The 

objectives were to rank the growth performance of koa families in progeny trials, predict breeding 

values for DBH at the age of 4 years based on four progeny trials using Best Linear Prediction 
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(BLP). Family ranking and selection based on predicted breeding values were conducted. Genetic 

gains of selection were calculated based on family selection. (Shi, 2003). Several common garden 

trials examining the relationship between genetic and phenotypic variation were also planted 

during the 1990s as a joint effort between the University of Hawaii and the Hawaii Agriculture 

Research Center (HARC) (Daehler et al., 1999, Shi, 2003, Sun, 1996). While these trials had high 

rates of mortality (> 70%) from koa wilt disease, several key observations were made: genetic 

variation was observed for disease resistance; tree form, seed size, seed shape, seed weight, 

seedling growth, juvenile growth, phyllode development, phyllode shape, nectary, flowering 

pattern and duration of vegetative stage; and Oahu and Hawaii Island trials showed a significant 

genotype by environment interaction (Dudley et al., 2017). To date, a total of about 400 koa 

accessions have been collected and documented. This collection includes 116 accessions collected 

by Brewbaker during the 1970s and 44 accessions contributed by the USDA Forest Service in Hilo. 

These collections were mainly from Kaua'i, O'ahu, Maui, and Hawai'i (Sun et al., 1997). Rueda-

Krauss (2014) reported on experiments with 22 koa families (N=433) growing on Hawai’i at the 

HARC A stand at Mana Road, on the eastern slopes of Mauna Kea. Trees were evaluated when 

they were eight-years-old. They determined heritability estimates for morphological traits.  

The Tropical Hardwood Tree Improvement and Regeneration Center (Tropical HTIRC), a 

collaborative research, development and extension partnership established in 2010, initiated a 

project called Aina Mauna Seed Orchard/Progeny Trial. The long-term goal of this project is to 

supply regionally adapted selected Acacia koa seeds to support koa reforestation at high elevations 

(6,000-7,000 ft) and to develop the Tropical HTIRC koa tree improvement program. As part of 

this project, progeny tests were installed across several high-elevation sites on windward Mauna 

Kea. Based on the high phenotypic variation observed in koa, the objective of this current work 

was to determine if there is genetic variability among the families, for height basal diameter and 

other parameters of interest measured at 4 years of age, at one of the progeny trial sites (HARC 

B). This information can be used for the future selection of superior families, and to aid in the 

development of seed transfer guidelines based on adaptation to growth at 2076 m. 
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3.3 Materials and Methods 

3.3.1 Plant material, plantation establishment, and experimental design 

Seed orchards/progeny trials of koa were established in May 2015 in degraded pasture 

lands within three existing exclosures (HARC-B at 2076 m, HOPUWAI at 1914 m, and KOA 

BUFFER at 2003 m) located on the upper slopes of Mauna Kea in the Aina Mauna area managed 

by the Department of Hawaiian Home Lands (DHHL). The seeds were collected from wild trees 

of unknown value (Table 3.1). The progeny trials were established with the intention to provide 

information on the reproductive value of the parents.  

The plantation test sites were established using a randomized complete block design 

(RCBD), with 20 families represented by two individuals per block in each of six blocks, for a 

total of 12 individuals per family per site (Figures 3.1 – 3.4). The RCBD design allows family 

performance to be objectively evaluated in a manner that minimizes confounding influences of 

within-site environmental heterogeneity. Spacing is 10 ft × 10 ft (c. 3 m × 3 m), a standard planting 

density for koa plantations (approximate area of each plantation = 0.70 ac, c. 28 ha). At each site, 

the blocks are surrounded by a row of buffer trees to equalize competition among seedlings planted 

on the edge versus the interior of plantations, to minimize pollination from external trees, and to 

serve as wind-breaks.  

3.3.2 Trait measures 

 We measured height (m), basal diameter (cm), height to living crown (m), live 

crown ratio (m), projected crown area (m²) and gross crown volume (m³) of 236 four-year-old 

trees of 20 koa half-sib families at HARC B in January of 2019. Projected crown area calculation 

was based on the ellipse formula; gross crown volume calculation was based on an ellipsoid 

formula (Scowcroft et al., 2007). 

3.3.3 Heritability estimates and calculations of genetic gain  

Heritability estimates at HARC B were calculated in January of 2019 using 236 four-year-

old trees of 20 koa half-sib families (Table 3.1, Figure 3.4). To estimate heritability, we used the 

variance components method, which uses the statistical procedure of Analysis of Variance 

(ANOVA). The following types of heritability were calculated: 1) Heritability of half-sib family 
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mean: a ratio of family variance component and phenotypic variance of family mean (Isik, 2009). 

2) Within family heritability: calculated as 3/4 of the additive genetic variance (3*0.378) divided 

by within family variance (error variance component = 4.645) (Isik, 2009). 3) Narrow-sense 

individual tree heritability: a ratio of additive and phenotypic variances (Isik, 2009). 

Table 3.1. Sources and elevations of selected Acacia koa families planted at progeny trial sites. 

 

 

  

Family Source Location Elevation (m) 

BIR03 Kanakaleonui Bird Corridor 2103 

BIR11 Kanakaleonui Bird Corridor 2099 

BIR20 Kanakaleonui Bird Corridor 2079 

BIR21 Kanakaleonui Bird Corridor 2031 

BIR22 Kanakaleonui Bird Corridor 2020 

BIR23 Kanakaleonui Bird Corridor 2013 

BIR25 Kanakaleonui Bird Corridor 2079 

HAVO01 Mauna Loa Strip Rd., HAVO 1203 

HAVO05 Mauna Loa Strip Rd., HAVO 1203 

HAVO12 Mauna Loa Strip Rd., HAVO 1206 

HAVO20 Mauna Loa Strip Rd., HAVO 1204 

HAVO21 Mauna Loa Strip Rd., HAVO 1204 

HAVO23 Mauna Loa Strip Rd., HAVO 1210 

HAVO24 Mauna Loa Strip Rd., HAVO 1210 

HAVO25 Mauna Loa Strip Rd., HAVO 1201 

KB20 Koa Buffer off Mana Rd, DHHL 2006 

KB24 Koa Buffer off Mana Rd, DHHL 2007 

KB25 Koa Buffer off Mana Rd, DHHL 2003 

MANA13 Mana Rd., DHHL 2025 

PHH6 Kipuka Puæu Huluhulu Native Tree 

Sanctuary and Nature Trail 

2045 
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Figure 3.1. Location of HARC-B at 2076 m in Mauna Kea, Hawaii. 
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Figure 3.2. Aerial view of Acacia koa progeny trial at HARC B. 

 

 

Figure 3.3. Three and a half-year-old Acacia koa trees at HARC B.
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Figure 3.4. Map of HARC B showing plot layout and location on plot of seedlings of Acacia koa families listed in Table 3.1. 
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The following types of variances were calculated: 1) Phenotypic variance: the sum of all 

variance components that contribute to the Expected Mean Square for the family effect (Isik, 2009). 

2) Additive genetic variance: four times the half-sib family variance (Isik, 2009). Standard error 

of heritability was calculated using the delta method. Genetic gains for selection of families and 

individual trees were calculated as % deviation over the grand mean, based on the methodology of 

Isik, (2009). Family means and breeding values, which are twice the expected deviation of its 

progeny mean from the population mean, were calculated and used to rank parents. 

3.3.4 Statistical analyses 

General linear mixed models were used to analyze height (m), basal diameter (cm), height 

to living crown (m), live crown ratio (m), projected crown area (m²), and gross crown volume (m³) 

measured for trees at HARC B in January of 2019. The traits were considered as response variables, 

the families as fixed factors, while block and the interaction between families and blocks were 

considered as random factors. Differences were considered significant at α=0.05. All analyses 

were performed in SAS 9.4 (2016 by SAS Institute Inc. Cary, NC, USA). The SAS Program used 

for calculation of heritability estimates and genetic gain was modified from Isik (2009). After 

checking the residual plots and quantile plots of the traits, we applied square root transformation 

of crown volume and crown area. 

3.4 Results 

3.4.1 Trait variability 

Height, basal diameter, height to living crown, projected crown area, and gross crown 

volume showed significant differences among families (Tables 3.2 – 3.5, Figures 3.5, 3.6). Grand 

mean value of height was 3.5 m. BIR22 showed the highest mean family height (4.2 m) but was 

not significantly different from most of the other families, excluding BIR25 and PHH06 (Figure 

3.5). In contrast, PHH06 showed the lowest value of mean family height (2.7 m), which was 

significantly different from BIR22, HAVO01, BIR21 and HAVO23 (Figure 3.5). Grand mean 

value of basal diameter was 6.3 cm. KB25 showed the highest mean family basal diameter (7.7 

cm) and was significantly different from HAVO05, PHH06 and BIR25 (Figure 3.6). BIR25 

showed the lowest value of mean family basal diameter (5.1 cm), which was significantly different 
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from KB25 and BIR21 (Figure 3.6). For height and basal diameter, the variance explained by the 

family x block interaction was zero. For height to living crown, the variance explained by block 

was zero (Table 3.3). 

 Survival of individuals at 4 years of age was almost 100 %. The only exception was family 

BIR11, which showed 91.7 % survival (Table 3.4). Families BIR20, BIR22 and HAVO01 had 

100 % survival (Table 3.4), but one individual was excluded from each of those families, and those 

were considered as missing values for the analyses. 

 

Table 3.2. Type 3 test of fixed effects (families) on response variable (trait) of four-year-old koa 

trees of 20 families at HARC B. 

Response variable DF F value Pr>F 

Height 19 3.18 0.0001 

Basal Diameter 19 3.55 <.0001 

Height to Living Crown 19 3.70 <.0001 

Live Crown Ratio 19 1.52 0.0962 

Sqrt transf. Crown Area 19 1.99 0.0156 

Sqrt transf. Crown volume 19 1.79 0.0354 

Note: Sqrt transf. indicates square root transformation of variable. Bold font indicates significant difference. 

 

Table 3.3. Variance explained by each random factor 

Trait 

Variance explained by each component (%) 

Block Family*Block Residual 

Height 12.066179 0 87.933821 

Basal diameter 5.4046298 0 94.59537 

Height to living crown 0 10.086697 89.913303 

Live crown ratio 2.512514 13.170044 84.317442 

Sqrt transf Crown Area 10.689884 8.5547542 80.755362 

Sqrt transf crown volume 15.269243 6.2174762 78.51328 

Note: Sqrt transf. indicates square root transformation of variable. 
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Table 3.4. Mean (± SE) for survival, height and basal diameter of selected Acacia koa families at 

HARC B in January of 2019.  

 

Family N Survival (%) Height (m) Basal diameter (cm) 

BIR03 12 100 3.2 (0.2) 6.8 (0.5) 

BIR11 11 91.7 3.5 (0.1) 6.8 (0.4) 

BIR20 11 100 3.6 (0.3) 7.1 (0.5) 

BIR21 12 100 3.9 (0.2) 7.4 (0.6) 

BIR22 11 100 4.2 (0.2) 7.2 (0.3) 

BIR23 12 100 3.6 (0.2) 5.8 (0.4) 

BIR25 12 100 2.8 (0.2) 5.1 (0.5) 

HAVO01 11 100 4.0 (0.2) 6.6 (0.4) 

HAVO05 12 100 3.3 (0.2) 5.3 (0.2) 

HAVO12 12 100 3.7 (0.2) 6.8 (0.4) 

HAVO20 12 100 3.6 (0.2) 6.8 (0.5) 

HAVO21 12 100 3.3 (0.2) 6.0 (0.2) 

HAVO23 12 100 3.9 (0.3) 5.6 (0.4) 

HAVO24 12 100 3.5 (0.2) 5.6 (0.3) 

HAVO25 12 100 3.6 (0.2) 6.0 (0.2) 

KB20 12 100 3.5 (0.1) 6.9 (0.3) 

KB24 12 100 3.5 (0.3) 6.6 (0.4) 

KB25 12 100 3.6 (0.2) 7.7 (0.5) 

MANA13 12 100 3.5 (0.3) 6.5 (0.6) 

PHH6 12 100 2.7 (0.3) 5.1 (0.7) 

Note: N refers to number of individuals used for analysis. Some families had 100% survival, but their N was less than 

12, because there were some individuals that, although alive, were excluded from measurements of height or other 

variables and considered as missing values, because of broken tops, or other issues. 
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Table 3.5. Mean (± SE) for height to living crown, live crown ratio, crown area and crown 

volume of selected Acacia koa families at HARC B in January of 2019.  

 

Family 

 

N 

Height to Living 

Crown (m) 

Live crown 

ratio 

Crown 

area (m²) 

Crown 

volume (m³) 

BIR03 12 1.3 (0.1) 0.58 (0.03) 2.5 (0.4) 3.4 (0.7) 

BIR11 11 1.4 (0.1) 0.59 (0.05) 2.5 (0.5) 4.0 (1.0) 

BIR20 11 1.2 (0.1) 0.67 (0.03) 2.8 (0.4) 4.9 (1.2) 

BIR21 12 1.5 (0.1) 0.60 (0.04) 3.8 (0.5) 6.5 (1.3) 

BIR22 11 2.1 (0.2) 0.50 (0.05) 2.6 (0.4) 4.0 (1.1) 

BIR23 12 1.6 (0.1) 0.55 (0.03) 1.7 (0.3) 2.6 (0.7) 

BIR25 12 1.2 (0.1) 0.55 (0.05) 1.7 (0.2) 2.1 (0.5) 

HAVO01 11 1.5 (0.1) 0.60 (0.05) 3.2 (0.6) 5.6 (1.3) 

HAVO05 12 1.1 (0.1) 0.65 (0.05) 3.1 (0.4) 4.7 (0.8) 

HAVO12 12 1.1 (0.2) 0.69 (0.05) 3.1 (0.5) 6.3 (1.4) 

HAVO20 12 1.2 (0.1) 0.67 (0.03) 3.5 (0.7) 6.1 (1.4) 

HAVO21 12 1.3 (0.1) 0.60 (0.03) 2.5 (0.2) 3.4 (0.4) 

HAVO23 12 1.7 (0.1) 0.54 (0.04) 2.3 (0.4) 3.8 (1.1) 

HAVO24 12 1.1 (0.2) 0.66 (0.06) 3.1 (0.3) 5.0 (0.8) 

HAVO25 12 1.7 (0.1) 0.53 (0.03) 2.5 (0.3) 3.5 (0.7) 

KB20 12 1.2 (0.1) 0.66 (0.02) 3.6 (0.4) 5.7 (0.8) 

KB24 12 1.1 (0.1) 0.66 (0.04) 3.5 (0.6) 6.4 (1.6) 

KB25 12 1.4 (0.2) 0.61 (0.03) 4.0 (0.6) 6.2 (1.0) 

MANA13 12 1.3 (0.2) 0.61 (0.06) 3.0 (0.6) 5.6 (1.7) 

PHH6 12 0.9 (0.1) 0.62 (0.05) 2.3 (0.5) 3.6 (1.3) 

Note: N refers to number of individuals used for analysis. 
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Figure 3.5. Mean height (m) of Acacia koa families at HARC B in January of 2019 (top) and 

associated Tukey groupings among families (bottom).  



 

 

55 

 

 

Figure 3.6. Mean basal diameter (cm) of Acacia koa families at HARC B in January of 2019 

(top) and associated Tukey groupings among families (bottom). 
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3.4.2 Heritability estimates 

 The estimates of heritability of family means were higher than the estimates of individual-

tree heritability for height, projected crown area and gross crown volume, yet showed the same 

value of the estimates of individual-tree heritability for basal diameter and live crown ratio (Table 

3.6). In the case of height to living crown, the estimate of heritability of family means was lower 

than the estimate of individual-tree heritability (Table 3.6). The estimates of heritability of family 

means were higher than the estimates of within-family heritability for all traits except for height 

to living crown (Table 3.6). 

 The trait with the highest individual-tree heritability and within-family heritability estimate 

was height to living crown (0.81 and 0.85 respectively), while live-crown ratio showed the lowest 

value (0.19 and 0.17 respectively) (Table 3.6). The trait with the highest estimate of heritability of 

family means was basal diameter (0.71), while live-crown ratio showed the lowest value (0.19) 

(Table 3.6).  

 

Height:  Family variance was 0.08516, additive genetic variance was 0.34064 and phenotypic 

variance was 0.54766, while the narrow-sense individual tree heritability was 0.62 (Tables 3.6 and 

3.8). Blocks were significantly different from each other for height (Table 3.7). Family factor 

explained 15.5% of the total phenotypic variance (Table 3.9). The block x family interaction term 

explained 0% of the total phenotypic variance (Table 3.9). Additive genetic variance had a variance 

of 0.026384 and standard error of 0.162. There was variation among families for height that is due 

to genetic factors as suggested by the heritability of family means (H2_HS=0.68 + SE: 0.107) 

(Table 3.6).  

 

Basal diameter: Family variance was 0.4233, additive genetic variance was 1.6932, phenotypic 

variance was 2.4008 and the narrow-sense individual tree heritability was 0.71 (Tables 3.6 and 

3.8). Blocks were significantly different from each other for basal diameter (Table 3.7).  A 

heritability estimate of 0.71 indicates that, on average, about 71 % of the individual differences 

that we observe in basal diameter may in some way be attributable to genetic individual difference. 

Family factor explained 17.6 % of the total phenotypic variance (Table 3.9). The block * family 

interaction term explained 0% of the total phenotypic variance (Table 3.9). Additive genetic 

variance had a variance of 0.58992 and standard error of 0.768. There was variation among 
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families for diameter that is due to genetic factors as suggested by the heritability of family means 

(H2_HS=0.71 + SE: 0.096) (Table 3.6).   

 

Live crown ratio:  Additive genetic variance had a variance of 0.0000148 and standard error of 

0.004 (Tables 3.6 and 3.8). There was low variation among families for live crown ratio that is due 

to genetic factors as suggested by the heritability of family means (H2_HS=0.19 + SE: 0.180) 

(Table 3.6).  

 

Height to living crown: Additive genetic variance had a variance of 0.009664 and standard error 

of 0.098 (Tables 3.6 and 3.8). There was variation among families for live crown ratio that is due 

to genetic factors as suggested by the heritability of family means (H2_HS=0.59 + SE: 0.174) 

(Table 3.6).  

 

Transformed projected crown area:  Additive genetic variance had a variance of 0.002112 and 

standard error of 0.046. There was variation among families for live crown ratio that is due to 

genetic factors as suggested by the heritability of family means (H2_HS=0.35+ SE: 0.213) (Table 

3.6).  

 

Transformed gross crown volume:  Additive genetic variance had a variance of 0.016512 and 

standard error of 0.128.  There was variation among families for live crown ratio that is due to 

genetic factors as suggested by the heritability of family means (H2_HS=0.32+ SE: 0.232) (Table 

3.6).  

 

Adjusted family breeding values of the measured traits are shown in Table 10, and family gains 

are shown in Table 11. KB25 had positive values of family gain for all the measured traits (Table 

3.11). PHH06 showed the highest value of family gain for height (31%), while KB25 showed the 

highest value of family gain for basal diameter (30%) (Table 3.11).  Some families showed a 

positive family gain for some traits, but a negative gain for other traits (Table 3.11). 
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Table 3.6. Estimates of genetic parameters of half-sib trees of 20 koa families at HARC B in 

January of 2019.   

Trait 

Narrow 

sense 

individual-

tree 

heritability 

Additive 

genetic 

variance 

Phenotypic 

variance 

Heritability 

of family 

means 

Heritability 

(SE) 

Within-

family 

heritability 

Height 0.62 0.34064 0.54766 0.68 0.107 0.55 

Basal 

diameter 
0.71 1.6932 2.4008 0.71 0.096 0.64 

Height to LC 0.81 0.21964 0.26995 0.59 0.303 0.85 

LCR 0.19 0.004032 0.021079 0.19 0.179 0.17 

Crown area 0.34 0.06972 0.20546 0.35 0.213 0.31 

Crown vol. 0.27 0.17128 0.63672 0.32 0.195 0.23 

Note: Height, basal diameter, projected crown area and gross crown volume showed significant differences among 

block.  Height to LC: Height to living crown; LCR: live crown ratio; Crown area (square root transformed); Crown 

vol.: crown volume (square root transformed). 

 

 

Table 3.7. Type 3 test of fixed effects (blocks) on response variables (traits) of half-sibs of 20 

koa families measured at HARC B in January of 2019. 

Response variable DF F value Pr>F 

Height 5 6.48 < .0001 

Basal Diameter 5 3.29 0.0087 

Height to Living Crown 5 0.90 0.4868 

Live Crown Ratio 5 1.86 0.1090 

Sqrt transf. Crown Area 5 5.29 0.0002   

Sqrt transf. Crown volume 5 7.62 < .0001 

Note: Sqrt transf. indicates square root transformation of variable. Bold font indicates significant difference. 
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Table 3.8. Covariance parameter estimates of traits of half-sibs of 20 koa families measured at 

HARC B in January of 2019. Variance explained by the interaction between family and block 

was zero for height and basal diameter. The interaction between family and block explained 

more variance than family for live crown ratio, projected crown area and gross crown volume. 

Response variable 

Covariance Parameter Estimates 

Covariance Parameter Estimate 

Standard 

Error Z Value Pr > Z 

Height family 0.08516 0.04061 2.10 0.0180 

block*family 0 . . . 

Residual 0.4625 0.04503 10.27 < .0001 

Basal Diameter family 0.4233 0.1920 2.20 0.0137 

block*family 0 . . . 

Residual 1.9775 0.1925 10.27 < .0001 

Live Crown Ratio family 0.001008 0.000996 1.01 0.1558 

block*family 0.002721 0.002019 1.35 0.0889 

Residual 0.01735 0.002267 7.65 < .0001 

Height to Living Crown family 0.05491 0.02458 2.23 0.0128 

block*family 0.02144 0.02139 1.00 0.1581 

Residual 0.1936 0.02530 7.65 < .0001 

Sqrt transf. Crown Area family 0.01743 0.01150 1.52 0.0648 

block*family 0.01783 0.01888 0.94 0.1725 

Residual 0.1702 0.02231 7.63 < .0001 

Sqrt transf. Crown Volume family 0.04282 0.03212 1.33 0.0912 

block*family 0.04310 0.05927 0.73 0.2335 

Residual 0.5508 0.07208 7.64 < .0001 

Note: Sqrt transf. indicates square root transformation of variable. Bold font indicates significant difference. 
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Table 3.9. Proportion of variance explained by each of the variance components. 

Trait 

Variance explained by each component (%) 

Family Family*Block Residual 

Height 15.5 0 84.5 

Basal diameter 17.6 0 82.4 

Height to living crown 20.3 7.9 71.7 

Live crown ratio 4.8 12.9 82.3 

Sqrt transf Crown Area 8.5 8.7 82.8 

Sqrt transf crown volume 6.7 6.8 86.5 

Note: Sqrt transf. indicates square root transformation of variable. 
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Table 3.10. Adjusted family breeding values of traits of four-year-old koa trees from different 

families measured at HARC B in January of 2019. The adjusted family breeding values were 

obtained by adding the family breeding values with the grand mean. 

 

Family 

Trait   

Height 

Basal 

Diameter 

Height to 

Living 

Crown 

Live Crown 

Ratio 

Sqrt 

Transf. 

Crown 

Area 

Sqrt Transf. 

Crown Volume 

Bir03 3.08 7.00 1.31 0.59 1.51 1.75 

Bir11 3.42 6.94 1.39 0.59 1.50 1.83 

Bir20 3.57 7.37 1.07 0.65 1.61 2.05 

Bir21 4.04 7.83 1.63 0.60 1.89 2.36 

Bir22 4.37 7.48 2.42 0.53 1.55 1.86 

Bir23 3.65 5.49 1.73 0.57 1.27 1.55 

Bir25 2.47 4.51 1.11 0.57 1.27 1.40 

Havo01 4.09 6.64 1.62 0.60 1.69 2.15 

Havo05 3.24 4.80 1.01 0.64 1.72 2.06 

Havo12 3.72 6.96 0.97 0.67 1.69 2.26 

Havo20 3.57 6.98 1.10 0.65 1.76 2.24 

Havo21 3.17 5.88 1.27 0.60 1.57 1.82 

Havo23 4.03 5.26 1.89 0.56 1.46 1.82 

Havo24 3.43 5.28 1.04 0.64 1.74 2.13 

Havo25 3.67 5.80 1.82 0.55 1.55 1.81 

Kb20 3.52 7.17 1.11 0.64 1.86 2.29 

Kb24 3.45 6.49 1.04 0.64 1.80 2.28 

Kb25 3.65 8.29 1.47 0.61 1.93 2.32 

Mana13 3.48 6.51 1.25 0.61 1.62 2.05 

Phh06 2.41 4.60 0.74 0.62 1.41 1.67 
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Table 3.11. Family gain (%) of traits of four-year-old koa trees from different families measured 

at HARC B in January of 2019. 

Family 

Trait 

Height 

Basal 

Diameter 

Height to 

Living Crown 

Live Crown 

Ratio 

Sqrt. Transf. 

Crown Area 

Sqrt. Transf. 

Crown Volume 

Bir03 -12 10 -3 -3 -7 -12 

Bir11 -2 9 3 -2 -7 -8 

Bir20 2 16 -21 7 -1 3 

Bir21 15 23 21 -1 16 19 

Bir22 25 18 80 -12 -5 -6 

Bir23 4 -14 28 -6 -22 -22 

Bir25 -30 -29 -18 -6 -22 -29 

Havo01 17 4 20 -1 4 8 

Havo05 -8 -25 -25 5 6 4 

Havo12 6 9 -28 10 4 14 

Havo20 2 10 -18 8 8 13 

Havo21 -10 -8 -6 -1 -3 -8 

Havo23 15 -17 40 -8 -10 -9 

Havo24 -2 -17 -23 6 8 7 

Havo25 5 -9 35 -9 -4 -9 

Kb20 1 13 -18 6 15 15 

Kb24 -1 2 -23 6 11 15 

Kb25 4 30 9 0 19 17 

Mana13 -1 2 -8 0 0 3 

Phh06 31 -28 -45 2 -13 -16 

Note: Sqrt transf. indicates square root transformation of variable. 

3.5 Discussion 

 A high heritability indicates a high degree of genetic variation in a population. It is expected 

that heritability values for traits of trees from seeds of wild parents without known value, as in our 

study, will be relatively high. In forestry, heritability estimates > 0.2 can be considered moderate, 

while those > 0.4 are considered high (Zobel and Talbert 1984). Using these criteria, some of the 

heritability estimates calculated for the measured traits of four-year-old trees at HARC B in this 

study were relatively high.  Height, basal diameter, and height to live crown had heritability 

estimates > 0.4 (Table 3.6).  Specifically, the individual-tree heritability estimate of 0.62 for height 
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in our study means that, on average, about 62 % of the individual differences that we observe in 

height may in some way be attributable to individual genetic differences. Our results are similar 

to those of Sun et al. (1997), who reported family heritability estimates for height and DBH for 

koa of about 0.7.  They observed that predicted genetic gain for one cycle of family selection was 

about 1.3 m for height at 2.5 years and 35 mm for DBH at five years. 

In this study, the heritability estimate for koa height was higher than that estimated by 

Rueda-Krauss (2014) in a koa progeny test study located close to the current study site. Their 

estimate (0.45 for height prior to thinning) was made on 8 year-old trees from 11 families. Rueda-

Krauss (2014) applied a selection thinning to rogue the plantation stand, reducing the number of 

trees from 433 to 32. By comparing the complete dataset with an after-selection treatment (post-

thinning), she observed an increase in the heritability estimates of traits that can affect the stem 

form of koa, such as maximum branch angle, stem lean, and height to crown. The heritability 

estimates of height to first fork and composite DBH (diameter at 1.37 m) remained the same. Total 

height was the only trait with decreasing heritability values after thinning, declining from 0.45 

before the thinning to zero post-thinning. However, she observed that the value increased from 

zero to 0.75 with a simulated random thinning treatment (Rueda-Krauss 2014). 

In common garden trials examining the relationship between genetic and phenotypic 

variation, planted during the 1990s as a joint effort between the University of Hawaii and HARC, 

estimated family heritability for height and DBH approached 0.75 (Daehler et al. 1999, Shi 2003, 

Sun 1996), which were higher than our results (Table 3.6).  However, our results showed higher 

heritability estimates than those of Beck et al., (2010), who assessed three-year DBH and height 

data and genetic gain prediction for five Acacia mearnsii (black wattle) subpopulations in South 

Africa using REML/BLUP. They observed that the individual narrow-sense heritability estimates 

were low (DBH): 0.09 to 0.16; (height): 0.13.   

For all the traits except for height to living crown, the estimates of heritability among 

family means were higher than the within-family heritability estimates. Based on this, I 

recommend that in future progeny trials the number of families is increased, so that the space in 

the plot is used for more among-family comparisons and fewer within-family comparisons. 

Heritability, additive genetic variance, and phenotypic variance are parameters that refer 

to a population. If we sample the same population and randomly select another group of families, 

we would get slightly different results. In this case study, however, there were significant 
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differences among families in height, basal diameter, height to living crown and projected crown 

area (Table 3.8).  The relative performance rankings among families produced from this progeny 

test will allow forestry managers to make selections for relatively high performing koa families to 

supply regionally-adapted, improved koa seeds for reforestation in the vicinity of this test site. 

In future progeny test trials with koa, it would be advisable to increase the number of 

families to improve the selection gain, and to use a single-tree plot design and increase the number 

of blocks. Additionally, it is normally recommended that heritability estimates be calculated at the 

middle of rotation in tree improvement (Zobel and Talbert 1984). Our data, and many similar 

studies in koa, were from relatively young trees, suggesting that future koa progeny test studies 

should evaluate performance of families or clones on planting sites for a longer period, ideally 

through a full rotation, which in the case of koa is approximately 25 to 100 years (Wilkinson and 

Elevitch, 2003).  
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APPENDIX  

Table A.1. Mean (± SE) percent electrolyte leakage of koa leaflet samples from different 

elevations exposed to 5 test temperatures. 

Population 

Elevation 

(m) 

Test 

temperature 

(°C) 

Grand 

Mean (%) 
SE 

Acclimation treatment 

Cold-acclimated Non-acclimated 

Mean (%) SE Mean (%) SE 

603 -20 37.994 6.915 29.131 8.157 47.841 10.995 

659 -20 35.285 6.421 24.797 7.012 45.774 10.022 

710 -20 33.262 7.056 29.151 7.896 37.83 12.393 

766 -20 42.867 5.543 25.756 5.91 59.978 5.453 

882 -20 50.916 6.152 45.398 7.747 56.434 9.645 

1208 -20 33.557 6.311 25.659 8.241 41.455 9.296 

1212 -20 21.689 5.079 26.831 8.616 16.548 5.366 

1227 -20 20.799 4.226 20.77 5.122 20.828 7.013 

1371 -20 38.942 6.677 25.982 9.969 50.462 7.474 

1400 -20 33.752 6.313 15.846 5.491 51.658 8.177 

1600 -20 18.119 3.291 10.775 1.695 25.463 5.556 

1976 -20 22.889 5.001 8.736 1.982 37.042 7.56 

2050 -20 28.307 6.474 24.085 7.965 32.53 10.467 

603 -15 9.083 0.835 7.54 0.476 10.798 1.527 

659 -15 8.871 0.869 7.44 0.893 10.301 1.392 

710 -15 9.545 1.168 7.291 0.636 11.799 2.055 

766 -15 13.186 1.612 10.444 1.352 15.929 2.732 

882 -15 11.397 1.028 11.505 1.398 11.29 1.583 

1208 -15 7.791 0.523 6.848 0.585 8.734 0.785 

1212 -15 6.302 0.562 5.719 0.307 6.885 1.078 

1227 -15 6.489 0.419 5.658 0.292 7.321 0.709 

1371 -15 9.605 1.012 6.683 0.507 12.202 1.37 

1400 -15 6.472 0.386 5.586 0.276 7.357 0.614 

1600 -15 5.725 0.405 5.381 0.364 6.069 0.731 

1976 -15 5.495 0.376 5.176 0.458 5.814 0.603 

2050 -15 6.73 0.418 6.315 0.294 7.145 0.782 

603 -10 6.321 0.226 6.186 0.282 6.47 0.372 

659 -10 6.314 0.27 5.79 0.192 6.838 0.458 

710 -10 6.418 0.554 5.382 0.412 7.454 0.943 

766 -10 6.78 0.383 6.347 0.453 7.213 0.61 

882 -10 7.359 0.442 7.425 0.627 7.293 0.656 

1208 -10 5.817 0.36 5.351 0.334 6.283 0.622 
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1212 -10 5.995 0.55 5.073 0.136 6.917 1.033 

1227 -10 5.792 0.241 5.455 0.319 6.129 0.345 

1371 -10 6.642 0.413 6.579 0.52 6.698 0.658 

1400 -10 5.101 0.195 5.165 0.219 5.038 0.333 

1600 -10 4.654 0.14 4.856 0.139 4.453 0.233 

1976 -10 4.796 0.261 4.757 0.457 4.835 0.281 

2050 -10 5.758 0.351 5.55 0.323 5.967 0.637 

603 -5 5.889 0.344 5.91 0.307 5.866 0.667 

659 -5 5.89 0.221 5.755 0.178 6.025 0.414 

710 -5 6.706 0.885 5.191 0.233 8.221 1.656 

766 -5 7.118 0.693 5.914 0.38 8.322 1.249 

882 -5 7.251 0.564 7.948 0.774 6.554 0.796 

1208 -5 5.613 0.316 5.349 0.306 5.878 0.558 

1212 -5 5.781 0.576 5.136 0.312 6.426 1.1 

1227 -5 5.808 0.385 5.339 0.442 6.277 0.619 

1371 -5 6.26 0.43 5.805 0.441 6.665 0.711 

1400 -5 5.23 0.242 5.191 0.204 5.268 0.453 

1600 -5 4.54 0.123 4.575 0.167 4.504 0.189 

1976 -5 4.745 0.283 4.908 0.443 4.583 0.368 

2050 -5 5.431 0.371 5.542 0.284 5.32 0.706 

603 5 5.527 0.337 5.262 0.239 5.82 0.669 

659 5 5.566 0.231 5.485 0.11 5.647 0.459 

710 5 5.688 0.339 5.299 0.333 6.077 0.585 

766 5 6.615 0.359 6.154 0.466 7.075 0.528 

882 5 7.053 0.969 6.913 0.631 7.194 1.888 

1208 5 5.133 0.409 4.723 0.237 5.542 0.783 

1212 5 5.418 0.359 4.947 0.253 5.889 0.656 

1227 5 5.296 0.329 4.89 0.325 5.701 0.561 

1371 5 5.92 0.418 5.425 0.281 6.36 0.74 

1400 5 5.064 0.293 5.249 0.444 4.88 0.397 

1600 5 4.425 0.171 4.638 0.213 4.212 0.262 

1976 5 4.382 0.276 4.685 0.459 4.079 0.301 

2050 5 5.53 0.511 5.242 0.22 5.818 1.018 
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Figure A.1. Predicted versus observed values of linear mixed effects regression model to 

evaluate influence of population elevation, test temperature, acclimation treatment, test day and 

plant identification over damage index of the tissue samples. R²=0.5420915 
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Figure A.2. Mean annual air temperature (°C) across the Hawaiian Islands. Temperature 

decreases as elevation increases. Source: (University of Hawai’i at Manoa, 2014). 

 

 

 


