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ABSTRACT 

 
Biodiversity is threatened by habitat loss and degradation. In Hawai‘i, species 

persistence will likely depend on varying degrees of habitat restoration. Efforts to restore 

habitats for Hawaiian forest birds include reforestation of degraded pasture with Acacia 

koa (koa), a valuable endemic hardwood. I investigated the ecological benefits of koa 

reforestation areas (KRAs) to forest bird conservation at two sites on Hawai‘i Island.  

I compared vegetation characteristics of KRAs and native forests and found that 

koa forestry can facilitate native understory development in some cases.  

The “Field of Dreams” hypothesis, which states that animals will colonize 

restored vegetation structure, was assessed by analyzing bird behavior in KRAs and 

native forest sites. Two endangered species in this community (Hawai!i ‘"kepa (Loxops 

coccineus) and Hawai‘i Creeper (Oreomystis mana)) are missing or uncommon in the 

KRAs. Four species have colonized the KRAs: Hawai!i ‘Amakihi (Hemignathus virens), 

‘Elepaio (Chasiempis sandwichensis), ‘#ma‘o (Myadestes obscurus) and ‘Akiap$l%‘au 

(Hemignathus munroi). ‘I‘iwi (Vestiaria coccinea) and ‘Apapane (Himatione sanguinea) 

allocate time differently in the KRAs and native forests. Sequential behavior analysis 

suggested that KRAs and intact forests may not be equivalent habitat for juveniles of four 

species. Six species of forest birds use the KRAs for foraging. I found that foraging 

microhabitat differs between KRAs and native forest sites for Hawai!i ‘Amakihi. 

Foraging niche breadth and overlap for all species were similar across sites. I calculated 

indices of foraging effort and opportunity and found that !Apapane appear to forage 

differently in the KRAs and native forest sites. My results suggest that animal behavior 

can be informative in assessment of restoration success. 
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I conclude that KRAs have ecological benefits: they provide some ecosystem 

services and can enhance native forest understory development. KRAs provide foraging 

habitat for Hawaiian forest birds. While four bird species have colonized the KRAs, we 

will not know if they have done so successfully until demographic studies can be 

completed. Finally, the conservation benefit of the KRAs exists only as long as they are 

standing: if these forests are to be harvested in the future, extreme care will be required if 

it is to be sustainable. 
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CHAPTER ONE: INTRODUCTION 

On restoration, koa (Acacia koa) trees, conservation, Hawaiian forest birds, 

behavior and a baseball movie… 

 

Biodiversity loss resulting from widespread deforestation and habitat degradation 

is a vexing conservation problem. Restoration of the original state of forest communities 

is probably not possible, but restoration of some ecological function can be achieved 

through reforestation of degraded lands.  

Ecological restoration is the process of assisting the recovery of an ecosystem that 

has been degraded, damaged or destroyed (SER International 2004). There is a continuum 

in ecological restoration from reclamation of unstable or unsafe land to restoration of 

original ecosystem structure and function (Meffe et al. 1997, SER International 2004). 

The best theoretical outcome in restoration ecology is a functioning native system on 

formerly degraded land; what constitutes this is a moving and poorly defined target 

(Palmer et al. 1997, Ormerod 2003). In most restoration projects, the goals are defined by 

specific community structure; i.e., the assemblage and abundances of species that occur in 

a target or historical system (MacMahon and Holl 2001, SER International 2004). 

Restoration is often undertaken for the benefit of one or a few species with the goal of 

improving habitat for those species. Restoration of community structure at a very coarse 

level can be relatively straightforward to begin and assess. However, important 

community members and interactions are sometimes hard to identify a priori and the 

invariably simpler restored systems are often insufficient to support many original 

community members. Restoration of ecosystem function is more elusive and seldom 

addressed in restoration projects (MacMahon and Holl 2001, Ruiz-Jaen and Aide 2005).  
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Animals contribute to ecosystem function through nutrient cycling, pollination, 

seed dispersal, decomposition, and top-down control of herbivores (Hairston et al. 1960, 

Hooper et al. 2005, Sekercioglu 2006). When ecosystem function is assessed in a 

restoration context, however, the usual metrics are abiotic ones such as nutrient or water 

cycling: animal contributions are rarely considered (Palmer et al. 1997, Lockwood and 

Pimm 1999, Young 2000, Ruiz-Jaen and Aide 2005). There are exceptions: seed dispersal 

in particular has been recognized as a potentially important contribution to restoration 

success (Holl et al. 2000). 

To understand how animals function ecologically, animal behavior must be 

considered. Classic animal behavior addresses ultimate and proximate causes of behavior 

(Tinbergen 1963). By analyzing evolutionary (ultimate) relationships, comparative 

studies of behavior can make predictions about traits or functions of animals for which no 

data exist (Blumstein and Fernandez-Juricic 2010). These can be used, for example, by 

restoration practitioners planning species re-introductions. Identification of cues 

(proximate, mechanistic) animals use when selecting habitats can increase our 

understanding of processes like seed dispersal and pollination, and of phenomena like 

ecological traps (Schlaepfer et al. 2002, Blumstein and Fernandez-Juricic 2010). 

The discipline of conservation behavior - the application of animal behavior to 

solve wildlife conservation problems - emerged in the mid-1990s and suggested that most 

conservation projects could be enhanced by considering animal behavior (Curio 1996, 

Clemmons and Buchholz 1997, Sutherland 1998, Caro 1999, Gosling and Sutherland 

2000). There are many ways that animal behavior can be applied to conservation. The 

theoretical first principles of behavioral ecology predict how animals should behave to 
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maximize reproductive fitness (Krebs and Davies 1993). Individual fitness can have 

demographic consequences, which makes studies of individual variation in reproductive, 

foraging and vigilance behaviors particularly relevant to conservation of small 

populations (Goss-Custard and Sutherland 1997). Accuracy of population viability 

assessments, successful locations of reserves and corridors, and guidelines for sustainable 

harvests all depend on the accuracy of predicted animal behavior (Beissinger 1997, Festa-

Bianchet and Apollonio 2003). So do restoration projects. 

Although animal behavior can play a critical role in the effectiveness of 

restoration, it is rarely assessed (Lindell 2008). Birds play important roles in ecosystem 

function as seed dispersers, pollinators, and top-down controls on insect herbivory 

(Sekercioglu et al. 2004, Sekercioglu 2006). Descriptive, atheoretical studies can identify 

the ways species contribute to ecosystem function, and can be applied to some 

conservation problems (Caro 2007, Lindell 2008). Differences in behavior between 

restoration and reference sites could reveal differences that are indicative of relative 

habitat quality (Lindell 2008).  

 

The Hawaiian case of koa forestry and avian conservation 

Loss and degradation of native forest habitat, possible competitive effects of 

introduced alien species, predation and disease have negatively affected bird populations 

in Hawaii (Atkinson 1977, Berger 1981, Scott et al. 1986b, Cuddihy and Stone 1990, 

Atkinson et al. 1993, Banko et al. 2001).  The result is an endemic avifauna in which 

many species are threatened or endangered and many more are already extinct (e.g., 

Berger 1981, Olson and James 1982, Pratt 1987). High elevation forests on windward 



 4 

Hawai!i Island are home to the largest remaining populations of Hawaiian forest birds 

(Scott et al. 1986). The endemic passerine community there consists of  five common and 

three endangered (noted by E) species: Hawai!i !Amakihi (Hemignathus virens), 

!Apapane (Himatione sanguinea), !Elepaio (Chasiempis sandwichensis), !I!iwi (Vestiaria 

coccinea), !#ma!o (Myadestes obscurus), Hawai!i CreeperE (Oreomystis mana), Hawai!i 

!"kepaE (Loxops coccineus), and !Akiap$l%!auE (Hemignathus munroi). Common 

introduced passerine species include Japanese White-eye (Zosterops japonicus), Red-

billed Leiothrix (Leiothrix lutea), and Northern Cardinal (Cardinalis cardinalis). ‘Io, the 

endemic Hawaiian Hawk (Buteo solitarius), is also resident across much of this area. 

Hakalau Forest National Wildlife Refuge was established to protect habitat for 

endangered Hawaiian forest birds. Other private, state and federal owners manage the 

high elevation forests that contain habitat for forest birds with varying degrees of active 

conservation and benign neglect. 

The Hawaiian Islands were once forested from the ocean to 9500’ (Wagner et al. 

1990).  A thousand years of human occupation transformed these forests: lowland forests 

were cleared to make way for agriculture to support a growing population, high elevation 

forests were burned, logged and cleared to support cattle and sheep, and these animals 

contributed to the changing face of the islands (Kirch 1982, Cuddihy and Stone 1990).  

Efforts to reestablish forests in Hawaii are occurring on multiple fronts.  Decreasing 

returns on cattle production and the decline of the sugar industry have led some 

landowners to seek alternative revenue generating ventures on their lands. On Hawaii 

Island, the result is a growing interest in forestry with Acacia koa, a valuable endemic 

hardwood (Wilkinson and Elevitch 2003, Friday et al. 2006, Goldstein et al. 2006, 
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Pejchar and Press 2006). The potential economic benefit of koa forestry comes with an 

implied ecological benefit because koa is an endemic Hawaiian species. 

At the same time, the need to preserve and restore habitat for threatened and 

endangered forest species has sparked several reforestation efforts. At Hakalau Forest 

National Wildlife Refuge (HFNWR), staff and volunteers planted 425,000 trees between 

1987 and 2010 (Rubenstein 1995, Ball 2010). The vast majority of these are Acacia koa. 

Substantial evidence indicated not only that koa trees could grow in degraded pasture, but 

also that they might act as ecosystem engineers, creating conditions favorable for other 

plant species as well (Scowcroft and Jeffrey 1999, Scowcroft et al. 2000, Pearson and 

Vitousek 2001). However, there was no guarantee that these trees would be future habitat 

for Hawaiian forest birds. I wanted to assess the effectiveness of koa reforestation for 

avian conservation. In light of the intense interest in koa forestry, my interest was timely.  

Restoration success is usually assessed by vegetation measurement (Lockwood 

and Pimm 1999, Ruiz-Jaen and Aide 2005). There has been an assumption that animals 

will colonize an area once the basic vegetation structure or hydrologic process is in place. 

This assumption is known as the “Field of Dreams” hypothesis after a baseball movie of 

the same name (Robinson 1989, Palmer et al. 1997). While often taken on faith, this 

hypothesis has rarely been tested and the Hawaiian case of koa forestry is no exception. 

 The Field of Dreams (FOD) hypothesis states, “if you build it, they will come.” 

Underlying the FOD hypothesis is the assumption that vegetation structure can be 

restored. A corollary is that species presence is the endpoint of restoration efforts. With 

respect to koa forestry, the following questions seemed pertinent: 
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1. Can you build it? Does reforestation with Acacia koa deliver a product resembling 

a native Hawaiian forest? 

2. If you build it, will they come? Once koa trees are established on the land, do 

native Hawaiian forest birds use the newly created habitat? 

3. If they come, what will they do when they get there? Beyond mere presence or 

absence in the reforestation areas, how are the native birds using these second 

growth forests?     

Quantitatively different behavior could have conservation implications. I wanted to assess 

whether bird behavior suggested potential limits to using species presence as an indicator 

of restoration success. 

 

Dissertation outline 

My question is: what are the ecological benefits of reforestation with Acacia koa, 

particularly with respect to Hawaiian forest birds? 

I compared koa (Acacia koa) reforestation areas (KRAs) to intact native forests at 

two sites on Hawai‘i Island. I address the question of whether koa reforestation areas 

(KRAs) are effective tools to restore native forests in Hawai‘i in Chapter Two. I 

measured aspects of vegetation structure and composition to determine the ways that koa 

reforestation areas grow to resemble native Hawaiian forests.  In Chapter Three, I analyze 

presence/absence data to determine whether the bird communities in KRAs are the same 

as those in native reference forests. These results are a partial assessment of the Field of 

Dreams hypothesis. I also calculate activity budgets and analyze the sequential structure 

of behavior to determine whether there are differences in behavior between habitats. 
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Chapter Four is an assessment of foraging behavior of the birds in KRAs compared to 

native forest sites. I report information on microhabitat use, foraging niche breadth and 

overlap, and indices of effort and opportunity for foraging birds. I summarize the three 

data chapters and discuss the conservation and management implications of my work in 

Chapter Five. 
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CHAPTER TWO: CAN YOU BUILD IT? 

Assessment of reforestation with Acacia koa for conservation goals: do koa 

reforestation areas grow to resemble native Hawaiian forests? 

 

 

Abstract 

 Efforts to restore forests for both ecological and economic benefit in Hawai‘i are 

converging on Acacia koa (koa), an endemic, dominant or co-dominant canopy tree 

common across broad elevation and moisture gradients. I measured plant species 

composition and forest structure in koa reforestation areas (KRAs) and nearby intact 

native forest at two sites on Hawai‘i Island. Both overall and percent native species 

richness were lower in the KRAs than in the nearby intact forests, though species richness 

in the KRAs at Keauhou Ranch was not significantly different from that in the native 

forest at Hakalau Forest National Wildlife Refuge (HFNWR). Tree, sapling and seedling 

densities differed between KRAs and forest sites at HFNWR; at Keauhou Ranch, the 

native forest and one KRA had similar tree and seedling densities and similar canopy 

height and canopy percent cover. Total stand basal area was greatest in the native forest at 

both sites, though stand basal area in the KRAs at Keauhou Ranch exceeds that in the 

native forest at HFNWR. My results suggest that koa forestry can facilitate native 

understory development, though management intervention will be necessary to create a 

diverse community in some cases. Acacia koa is the most important species in the KRAs 

and likely will be for centuries. By contrast, intact native forests at these sites are 

dominated by Metrosideros polymorpha. Additionally, the potential exists for 

colonization of these young forests by invasive alien species; quick management response 

will be required to maintain native integrity should this occur.
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Introduction 

 Land conversion from forests to agricultural use and subsequent abandonment is a 

global land use pattern. In Hawai‘i, deforestation began with the arrival of Polynesians 

around 500 AD and accelerated greatly after European contact in 1778 (Kirch 1982, 

Cuddihy and Stone 1990, Wagner et al. 1990). Consequences of this deforestation include 

degradation of watersheds and landscapes due to soil erosion, extinctions across a range 

of taxa (flowering plants, arthropods, molluscs and vertebrates (birds)), and diminished 

habitat for remaining species, nearly 400 of which are listed under the Endangered 

Species Act of 1973 (Carlquist 1980, Ziegler 2002, USFWS 2010). Because of the 

severity of these consequences and the necessity for habitat restoration, Hawai‘i is in 

many ways a paradigm of the challenges of conservation biology. 

 Reforestation in Hawai‘i, driven by the necessity of watershed protection, began 

in the mid-nineteenth century. By 1931, 145 exotic tree species had been planted in 

forestry trials in the islands (Rodwell 2001). These efforts continued through the end of 

the 1990’s when approximately 10,000 hectares of fallow sugarcane land on Hawai‘i 

island were planted in Eucalyptus saligna and other exotic species (Friday 2008, Ostertag 

et al. 2008). Plantation forestry is a common tool used to restore derelict tropical lands. 

Plantation establishment can lessen barriers to reforestation by providing shade, nutrient 

inputs, and perches for seed-dispersing animals (e.g., Guariguata et al. 1995, Parrotta 

1995). In these ways, even tree monocultures can act as catalysts for natural forest 

regeneration (Lugo 1992, Parrotta et al. 1997). Additionally, plantations may have a role 

in enhancing regional biodiversity (Lamb 1998); substantial diversity has been 

documented in the understory of tree plantations in Australia (Keenan et al. 1997), Puerto 
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Rico (Parrotta 1995), Costa Rica (Guariguata et al. 1995) and China (Brown and Lugo 

1994). However, most non-native plantations studied in Hawai‘i do not support a native 

understory: rather, understory diversity consists of either exotic and sometimes invasive 

species, or recruits of the plantation species themselves (Garrison 2003, Ostertag et al. 

2008). In a single case where native forest was razed to create plantations in Waiakea 

Hawai‘i, native species comprised 75% of the understory species richness though alien 

species densities were greater than native densities in most cases (Harrington and Ewel 

1997). Currently, reforestation efforts for both forestry and conservation in Hawai‘i are 

converging on Acacia koa (A. Gray, Fabaceae) (koa), a native, fast-growing and 

commercially valuable hardwood. 

 Acacia koa is an endemic canopy tree. It grows in lowland and montane forests 

and across dry, mesic and wet zones. Koa is usually a dominant or co-dominant species in 

association with Metrosideros polymorpha (‘$hi‘a), Sophora chrysophylla (m%mane) or 

Santalum paniculatum (‘iliahi, sandalwood) (Wagner et al. 1990, Whitesell 1990).  In 

addition to its association with ‘$hi‘a and other plant species in diverse native forests, koa 

is crucial to native fauna. Several endemic insects (e.g., koa bug, Coleotichus 

blackburniae) and at least one endangered honeycreeper (‘Akiap!l"‘au, Hemignathus 

munroi) are obligately dependent on A. koa (Gagne 1979, Pratt et al. 2001).  Most native 

forest bird species, including other honeycreepers, also use koa for foraging and nesting 

(Baldwin 1953, Conant 1975, Scott et al. 1986a). 

Hawaiians made canoes, paddles and house frames from the largest koa trees 

(Wilkinson and Elevitch 2003). Today the wood is used primarily in finished products 

such as furniture and musical instruments and is a substantial contributor to Hawai‘i’s 
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$30 million/year retail forest industry (Friday et al. 2006). With wholesale prices from $8 

- $50 per board foot, and stumpage prices that have increased a hundred fold in 20 years, 

koa is among the world’s most valuable hardwoods (Loudat and Kanter 1996, Wilkinson 

and Elevitch 2003).  

Koa forestry, in combination with subsidies or cattle ranching, could provide 

profits to private landowners and a conservation benefit (Grace 1995, Goldstein et al. 

2006), though some landowners are hesitant to invest in koa due to insufficient financial 

incentives, high up-front costs, wariness of government interference, and lack of specific 

silvicultural knowledge (Pejchar and Press 2006). Substantial recent and ongoing research 

is closing the knowledge gap. Scowcroft and Jeffrey (1999)  examined an array of abiotic 

factors influencing the success of koa seedlings in restoration efforts at Hakalau Forest 

National Wildlife Refuge (HFNWR);  they concluded that koa can create understory 

conditions favorable for the growth of other native forest species. Koa stands reduce frost 

damage to M. polymorpha (‘$hi‘a) seedlings in high elevation sites, potentially enhancing 

restoration success for this species as well (Scowcroft et al. 2000). Koa can increase soil 

Nitrogen availability, especially in young stands, which also suggests its potential as a 

restoration tool (Pearson and Vitousek 2001). Acacia koa forestry is the subject of 

numerous ongoing studies which include economic and ecological regeneration strategies, 

development of improved and disease resistant seeds, characterization of koa wilt 

(Fusarium oxysporum), development of silvicultural guidelines, and soil effects including 

root symbioses, fertilization and soilborne disease management (CTAHR 2008). 

Productivity of A. koa at sites differing in rainfall, elevation, soil type and nutrient 

availability has been assessed and modelled (Idol et al. 2007, Ares et al. 2008) and 
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effective stocking guidelines for variable sites in Hawai‘i exist (Baker and Scowcroft 

2005). Two recent studies demonstrated that silvicultural treatments in A. koa forests can 

enhance growth of crop trees without altering the course of native understory 

development (Scowcroft et al. 2007, Scowcroft et al. 2008).  

While there has been increasing attention to koa forestry practices and economics, 

relatively little work has addressed the direct conservation benefits of koa reforestation. 

Two species of native Cerambycid beetles occur in young koa reforestation areas at 

Hakalau Forest NWR, though at lower densities than in canopy koa trees in adjacent 

native forest (Goldsmith et al. 2007). One endangered honeycreeper (Hemignathus 

munroi) uses young koa at higher densities and greater home range overlap than it does 

old-growth forest with no apparent reproductive cost (Pejchar et al. 2005). Native plant 

species diversity in koa timber plantations studied in Kona, Hawai‘i was similar to that in 

non-native forests but significantly less than that in mature native forests, suggesting that 

while koa forestry might enhance connectivity and landscape level biodiversity, it is not 

substantially different from exotic species in recruiting a native understory (Goldman et 

al. 2008). 

In this study, I quantify vegetation characteristics in koa (Acacia koa) 

reforestation areas (KRAs) to determine whether planted koa forests grow to resemble old 

growth Hawaiian forests. I measured aspects of vegetation structure and composition in 

KRAs and nearby intact native forest at two sites on Hawai‘i Island to partially address 

the question of the effectiveness of koa forestry as an ecological restoration tool.  
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Materials and Methods  

Study site descriptions. The two study sites are wet montane forests on the island 

of Hawai‘i. Hakalau Forest National Wildlife Refuge (HFNWR) is on the windward 

(eastern) side of Mauna Kea (19° 49! 45" N, 155° 18! W). Average annual rainfall 

exceeds 2000 mm year-1. Annual mean maximum and minimum temperatures are 14 °C 

and 9°C. The refuge, which was established in 1985 to conserve habitat for Hawaiian 

forest birds, consists of intact closed native forest at lower elevations (below 1525 m), 

and a more open native forest at higher elevations where there was intermittent cattle 

grazing in the past. The highest elevations (above 1675 m) are degraded pasture. Here, 

refuge staff and volunteers planted over 425,000 trees between 1987 and 2010, the vast 

majority of which are Acacia koa (Ball 2010). These have been planted somewhat 

systematically in corridors or strips from one to ten trees wide (~10-50 m) that stretch 

from the upper elevation boundary of the refuge to the edge of the intact forest. In 

addition to these corridors, three small groves of koa trees were planted; in these, there is 

a nearly closed canopy. Sampling areas at HFNWR were a corridor of trees planted in 

1991-1992, a grove of trees planted in 1992, and intact forest. These are designated in 

tables and graphs as HC (corridor), HG (grove) and HF (forest). 

Keauhou Ranch (owned by Kamehameha Schools) is located on the windward 

(eastern) side of Mauna Loa (19° 31! 40" N, 155° 19! 32" W). Study site elevation ranges 

from 1650 m to 1740 m. Average annual rainfall at Keauhou Ranch is 2800 mm; annual 

mean maximum and minimum temperatures are 18°C and 8°C.  Intact native forest at 

Keauhou Ranch, which is known as K&lauea Forest Reserve (KFR), is part of a multi-

agency natural resource management partnership (‘#la‘a-K&lauea Watershed Partnership). 
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Lands adjacent to K&lauea Forest Reserve were grazed in the 1950’s and 1960’s, creating 

an open forest patchwork, similar to the high elevation forests at HFNWR. Beginning in 

1977, Kamehameha Schools created “koa reforestation areas” by harvesting saleable 

timber, bulldozing everything else into piles, and scarifying the soil. Koa regenerated 

readily in many areas, and was intentionally planted where it did not. Sampling areas at 

Keauhou Ranch were koa reforestation areas created in 1977 and 1988, and intact forest 

in K&lauea Forest Reserve. These are designated in tables and graphs as 77, 88 and KFR. 

Data collection and analysis. At both sites I sampled in three study areas. In each 

of these six study areas, ten plots were selected using randomly generated latitude and 

longitude coordinates. Vegetation data were collected in concentric 5 meter and 11.3 

meter radius plots. Total area sampled per study area was 0.4 ha (401 m2 per plot). Data 

collection was completed in January 2004. 

To describe forest structure, I measured percent cover at five height classes using 

the point-intercept method. In each plot, data were collected at 20 points in one meter 

intervals on perpendicular axes laid across the plot in cardinal directions. Percent cover of 

the canopy, measured with a spherical densiometer, was also recorded at each of the 20 

points in each plot. To obtain a measure of tree and shrub densities, I counted and 

identified all woody stems less than eight centimeters in diameter within 5 m of the plot 

center. All trees within 11.3 m of the plot center were assigned to one of three size classes 

according to breast-height diameter (dbh) (8-23 cm dbh, 23-38 cm dbh, >38 cm dbh), 

identified and counted. Densities were calculated directly from these counts. I recorded 

height and crown width and diameter at breast height (dbh) for the tree nearest to the 
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center of the plot in each of four quadrants. All vascular plant species present in each plot 

were recorded. 

 Parameters of interest in each sampling unit were estimated by the mean value 

obtained for the variable across the 10 plots or sub-samples. Forest structure parameters 

(density and percent cover) were compared using analysis of variance. When necessary, 

raw data were square-root transformed to obtain similar variances. Tree basal area was 

calculated from mean recorded dbh and estimated densities in each study area. Sapling 

and seedling basal area were calculated using the midpoint of dbh for each of three size 

classes (<1 cm, 1-3 cm (for shrub species), 3-8 cm (for tree species)). Relative densities, 

frequencies and dominance were derived (Mueller-Dombois and Ellenberg 1974), and an 

importance value for each tree species was calculated from these (McCune and Grace 

2002). Species richness values were obtained from the species lists and compared using 

analysis of variance. I calculated woody species heterogeneity with the inverse Simpson 

index, 

! 

Cinv =1/ (pi)
2

i=1

S

" , where S=species richness and pi= proportion of species i in total sample.  

 

Results 

Diversity and composition. I recorded a total of 51 plant species in the study sites 

at Keauhou Ranch, and 44 species at Hakalau Forest NWR. Overall species richness is 

greater in the native forest than in the KRAs at both study sites (F5,52=17.43, p=0.001) and 

the study sites at Keauhou are more diverse than those at HFNWR (Table 2.1). Appendix 

1 is a complete list of all plant species identified.  
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Non-native species represent a greater percentage of the total species richness in 

the koa reforestation areas (Table 2.2). At Keauhou Ranch, the KRAs and the forest share 

29 species in common. All of the 12 species found only in the forest site are endemic, 

while six of the ten species found only in the koa sites are endemic. The exotic species 

include Andropogon virginicus and Rubus argutus, both noxious weeds. The KRAs and 

forest plots at HFNWR had 22 species in common. As at Keauhou, all of the 13 species 

found only in the forest site are endemic. Seven of the nine species found only in the 

KRAs at Hakalau are exotic grasses.  

At both study sites, woody species heterogeneity is greater in the intact forest than 

in the reforestation areas (Figures 2.1 and 2.2). At HFNWR, overall species richness in 

the KRAs is about 60% of the species richness in the forest. The very low heterogeneity 

values reflect the fact that these young stands are almost exclusively koa with little to no 

woody species understory development. Except for invading blackberry shrubs, almost 

every woody individual in the Hakalau KRAs was outplanted after a greenhouse start and 

is less than 1 cm in diameter. In contrast, woody species richness and heterogeneity are 

similar among the study sites at Keauhou Ranch. Species richness values in the KRAs at 

Keauhou Ranch are similar to the forest site at HFNWR, and heterogeneity values in 

Keauhou KRAs are greater.  

Forest structure. At Hakalau Forest, seedling (stems < 1 cm dbh) and sapling 

(stems 1 – 8 cm dbh) densities are four to twenty times greater in the forest site than in 

the KRAs (F2,27=11.02 and F2,27=22.56, p<0.001) (Table 2.3). Tree density (stems > 8 cm 

dbh) is highest in the grove, lowest in the corridor and intermediate in the forest site 

(F2,27=6.69, p=0.004). Total stand basal area is greatest in the forest site (35.3 ± 5.5 m2/ha) 
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and similar in the two KRAs (12.6 ± 2.0 m2 ha-1 (corridor) and 15.0 ± 2.7 m2 ha-1 (grove)). 

Individual trees (mean basal area) are larger in the corridor than the grove. In the KRAs at 

Hakalau Forest, tree density and basal area are comprised almost exclusively by young 

koa. The grove site, with its uniform distribution and nearly closed canopy, has the 

greatest number of individuals; the corridor site has the fewest. While the density of trees 

in the forest site at Hakalau is intermediate, calculations of stand basal area indicate the 

mature forest has double the tree area of the KRAs. Seedling and sapling-sized woody 

stems in the KRAs consist of a few individuals that are part of the refuge restoration 

efforts. Invasive blackberry (Rubus argutus) was encountered in five grove plots and 

three forest plots.  

Overall tree (stems larger than 8 cm dbh) and seedling (stems smaller than 1 cm 

dbh) densities are similar among all three sites at Keauhou Ranch (F2,27 =1.68 and 

F2,27=1.61, p=0.2) (Table 2.3). Sapling density (stems greater than 1 cm but less than 8 cm 

dbh) is highest in the 1988 site and lowest in the 1977 site (F2,27=3.2, p=0.056). Stand 

basal area for all species is greatest in the forest site (55.2 m2 ha-1 ± 5.6 s.e.), intermediate 

in the 1977 site (49.3 m2 ha-1 ± 3.4 s.e.) and lowest in the 1988 site (32.3 m2 ha-1 ± 2.4 

s.e.). About 20% of the stand basal area in the 1988 site is comprised of individuals < 8 

cm dbh; for the other sites, smaller individuals comprise less than 10% of the stand basal 

area. The bulk of tree density in the KRAs at Keauhou Ranch is A. koa, but there are 

individuals of several native tree species (Ilex anomala, Cheirodendron trigynum, 

Myoporum sandwicense, Myrsine lessertiana, Coprosma rhyncocarpa) growing in the 

KRAs as well. Rubus hawaiensis (‘%kala) is the most prevalent shrub in the KRAs (7665 

stems ha-1 in 1977 KRA, 12,605 stems ha-1 in 1988 KRA). The native shrubs Vaccinium 
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calycinum (‘$helo) and Leptecophylla tameiameiae (p'kiawe) also occur in substantial 

numbers. No understory species were planted at Keauhou. The forest site (KFR) differs 

primarily because there is far less ‘%kala, but also because there are more species and 

greater numbers of native trees and shrubs in small size classes. Tree ferns (Cibotium 

spp.) (h%pu‘u) are also prevalent in the native forest (KFR) and 1977 KRA at Keauhou 

Ranch (882 and 640 stems ha-1 respectively). Tree fern density in the 1988 site is far less 

(20 stems ha-1). 

Vertical height profiles of the KRAs and forest sites reveal other forest structure 

differences (Figure 2.3). In all sites except the forest at Keauhou Ranch, exotic grasses 

dominate the forest floor. Percent cover at the lower height classes is generally greater in 

the KRAs, while this shifts to higher classes in the forest sites.  

At Hakalau Forest, percent cover of vegetation peaks at lower height classes in the 

KRAs (2-5m) than in the forest (>10m) (Figure 2.3a). Percent cover is similar across all 

three sampling areas only in the 0-0.5 m height class. The forest site is denser than the 

KRAs in the 0.5-2.0 m height class; this corresponds to the greater density of seedlings 

and saplings. The mean percent cover in the grove site is significantly different in the 2-5 

m and 5-10 m classes. The young koa at Hakalau does not exceed 10 meters in height, but 

there is substantial vegetation above this height in the forest site. Percent cover and height 

of the canopy increases from the corridor to the grove to the forest site (Figure 2.4).  

Percent cover at Keauhou Ranch (Figure 2.3b) is more consistent between the 

KRAs and native forest. Vegetation cover at the ground is lower in the forest due to the 

decreased prevalence of exotic grasses, and there is no difference among the sites in the 

0.5-2.0 m height class. Percent cover is higher from 2-10 m in the forest. Additionally, the 
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1977 KRA is dense enough to have formed an even and closed canopy at 12-14 m (Figure 

2.4). This differs from the higher but more open canopy and denser mid- and understory 

of the native forest.  

To better evaluate the composition of the KRAs in comparison to the native forest 

sites, I calculated an importance value combining frequency of occurrence, density and 

basal area for each tree species (Table 2.5).  Acacia koa is the most important species in 

the KRAs at both study sites. Other species play a larger role at Keauhou Ranch than at 

HFNWR, where the few individuals included in the importance value calculations were 

either small seedlings and saplings outplanted as part of the restoration efforts, or large 

remnant ‘$hi‘a. In the native forest at both study sites, M. polymorpha (‘$hi‘a) is the most 

important species, and koa ranks third or lower, though its basal area is second only to 

‘$hi‘a. Thus, the intact forests are predominately ‘$hi‘a, with a diverse mid- and 

understory and a few large canopy koa. 

 
Discussion  

 
I found similarities between KRAs and native forests in some aspects of 

vegetation density, vertical height profiles, and species diversity. Differences between my 

results and those in other studies are attributable to a variety of factors. Initial stocking 

and thinning of the koa planted in 1977 at Keauhou Ranch created a forest with fewer, 

larger trees than the adjacent koa planted in 1978 and the site of work by Scowcroft et al. 

(2007, 2008). The area of plantation included for evaluation by Pejchar et al. (2005) was 

greater than the 1988 stand in this study and the variables measured were chosen to 

quantify habitat for a single bird species. The higher stem densities I obtained are likely 

due to those differences as well as our inclusion of smaller individuals. Species richness 
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results are similar to those of Goldman et al. (2008) in that KRAs at each site were less 

diverse than adjacent forest. However, the KRAs at Keauhou Ranch are not significantly 

different from the native forest at Hakalau in either overall or native species richness. 

One definition of restoration success is returned function and partial structure 

(species composition) on the restored site (Lockwood and Pimm 1999). By this measure, 

the KRAs at Keauhou Ranch are successful. At 14 and 25 years of age, these forests 

comprised an apparently self-sustaining, native ecosystem: they are dominated by a native 

tree species (A. koa) with substantial native understory development. Scowcroft et al. 

(2008) predict that both Myoporum sandwicense (naio), the most important tree species 

after koa, and the exotic grasses on the forest floor will eventually find conditionsin the 

KRAs too shady to persist. Current snags (standing dead koa), a substantial component of 

the understory, may provide substrate for those species that establish preferentially on 

woody debris. Cibotium spp. tree ferns should also increase in size and number; ferns are 

a major component of intact forest at K&lauea and elsewhere. There is a young ‘$hi‘a (M. 

polymorpha) cohort, which may eventually become co-dominant, though the time horizon 

for that change may be a century or more.  

While it takes a more generous interpretation to classify koa reforestation at 

Hakalau Forest NWR a success, the trajectory from abandoned pasture towards a forest 

with some structural complexity is clear. The future forest at Hakalau is likely to be 

similar to the current stands, i.e., koa overstory with a grass understory. The dominant 

grass species may shift from matted species (e.g., Pennisetum clandestinum) to shade 

tolerant species (e.g., Ehrharta stipoides) as the site becomes shadier, but there is no 

evidence that any substantial native understory regeneration will occur without 
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management intervention. Beginning in 2008, efforts to cultivate and outplant M. 

polymorpha and fruiting understory species at HFNWR increased (Ball 2010).  

Koa was planted at Hakalau partially because it would grow; it could be 

propagated, outplanted and thrive in the harsh conditions of these high elevation pastures. 

Additionally, there was evidence and hope that koa might be an ecosystem engineer 

(Scowcroft and Jeffrey 1999, Scowcroft et al. 2000, Pearson and Vitousek 2001). Koa has 

changed the abiotic conditions on the refuge: the trees are thriving; there is a growing, 

low-stature, monotypic native forest where there was previously only grass. Presumably, 

under each tree the microclimate and nutrient conditions are different from those in 

adjacent grass. Therefore, it has functioned as an engineer in the sense of Byers et al. 

(2006), moving the site on a desired trajectory towards functioning native forest by 

changing some of the abiotic constraints (such as harsh climates and low nutrients) that 

existed prior to restoration efforts.  

The young koa forests at Hakalau and Keauhou are both likely representative of 

ecological alternative stable states; i.e., they could remain similar in structure and 

composition for long periods. There is a growing consensus that assembly of ecological 

communities is determined to a greater degree by stochastic and historical events than by 

deterministic ones (Belyea and Lancaster 1999, Young et al. 2001, Nuttle et al. 2004, 

Suding et al. 2004, Temperton and Hobbs 2004, Temperton and Zirr 2004). In this case, 

koa establishment eliminates other possible assembly paths, including the common case 

in Hawai‘i where even aged cohorts of ‘$hi‘a create forest structure (Mueller-Dombois 

and Fosberg 1998). Alternative stable states may be novel or native ecosystems, or both, 

and are likely to be resilient due to both positive and negative feedback loops (Belyea and 
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Lancaster 1999, Belyea 2004, Suding et al. 2004, Hobbs et al. 2006). The KRAs at 

HFNWR likely have a positive feedback for increasing koa regeneration, and negative 

feedback loops wherein the pasture grasses inhibit recruitment of woody understory 

species, and dispersal is constrained by connectivity and seedbank limitations (Tunison et 

al. 1995, Holl et al. 2000, Zanne and Chapman 2001, Denslow et al. 2006). The same 

positive feedback for increasing koa regeneration is apparent in the high densities of 

seedling koa in the 1988 KRA at Keauhou Ranch. The negative feedback loop of grass 

inhibition is probably also in play at both Keauhou KRAs, but dispersal and seedbank 

constraints may not be as limiting because the intact forest is closer and the duration of 

disturbance was shorter. At Keauhou, koa is likely to be the dominant forest species for 

decades if not centuries; ‘$hi‘a will come, but in small cohort stands initially and 

increasing as woody debris substrates become more available (Santiago 2000, Beachy 

2001, Scowcroft et al. 2008). In the interim, and in the snapshot provided by a study such 

as this, the koa dominated forest looks like an alternative stable state.  

If the KRAs are alternative stable states and there is a different desired outcome, 

managers will need to re-evaluate the constraints and interactions between species that 

keep the koa forests resistant to colonization by other native Hawaiian species. There may 

be thresholds to restoration that require increased management interventions in order to 

move the KRAs to another state that is closer to the desired endpoint (Belyea 2004, 

Suding et al. 2004, Byers et al. 2006). Disturbance may be key in restoring both natural 

succession and in moving a site across a restoration threshold (Temperton and Zirr 2004). 

In dry forest restoration on Hawai‘i island, weed control and direct seeding allowed 

species suppressed by invasive grasses to germinate (Cabin et al. 2002). Similarly, 
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dispersal limitations and competition with grasses limited woody seedling establishment 

in a mesic Hawaiian forest (Denslow et al. 2006). These results suggest a potential 

research need at HFNWR: carefully designed experiments could assess whether 

disturbance to the grasses (e.g., herbicide, mowing, fire) would enable direct seeding or 

more successful outplanting of younger understory individuals.  

Lockwood and Pimm (1999) found that most efforts attempting restoration of 

complete structure (i.e., an identical species composition to a reference ecosystem) failed. 

Restoration efforts where the goal was to obtain ecosystem function or partial structure 

were more often fully or partially successful. In the case of these two koa forests in 

Hawai‘i, partial structure and function have been restored. The KRAs are probably stable 

as well, and unlikely to change trajectory without management intervention. Identifying 

the multiple possible endpoints of structure or function that might be equivalent or 

sufficient for restoration success is important in Hawai‘i and elsewhere (MacMahon and 

Holl 2001, Suding et al. 2004). For reforestation with Acacia koa, there are several 

examples of possible alternative endpoints: these include the KRAs discussed here, 

naturally regenerating koa in Hawai‘i Volcanoes National Park and at Honomalino and 

Honaunau in Kona, and plantation stands at Umikoa in H%m%kua. Recognition of these 

possible alternatives allows us to better inform the many stakeholders in publicly and 

privately financed restoration projects (Young et al. 2001). This ability may be crucial to 

achieve private landowner buy-in for landscape scale restoration (Pejchar and Press 

2006).   

The scope of A. koa regeneration and reforestation on Hawai‘i Island also offers 

multiple opportunities to increase understanding of landscape restoration. Research 
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priorities identified in koa forest ecology include better understanding of the effects of 

pests and pathogens on koa stands, the role of coarse woody debris in regeneration and 

understory development, effect of stand development on hydrologic processes, and 

dispersal ecology for understory species (Baker et al. 2009, Pejchar 2009). Small scale 

manipulations across the landscape could address some of these questions as well as test 

assembly rules and potential alternative stable states (Lockwood and Pimm 1999, 

Hilderbrand et al. 2005, Young et al. 2005). These in turn might create a mosaic of 

communities which would confer landscape level resilience. Larger scale manipulations 

and analysis of differing results from variable sites could increase our understanding of 

landscape processes and lead to improved adaptive management (Holl et al. 2003).  

Perhaps more importantly, restoration via koa forestry in Hawai‘i provides an opportunity 

to integrate individual efforts to maximize landscape conservation benefits. Landscape 

level considerations, including strategic location of reforestation efforts, and maximizing 

benefits of ecological and economic trade-offs, are a necessary next step in successful 

restoration of degraded lands (Lamb et al. 2005, Goldstein et al. 2008). The situation of 

koa forestry in Hawai‘i is poised to illustrate some of these considerations. 

Management Implications. Koa is creating a changed environment for succession, 

and it is doing so quickly. My results indicate that koa forestry can positively affect native 

biodiversity. Vegetation characteristics that may be important to other species are similar 

to those in native reference forest in some cases. In these ways, koa forestry can provide a 

conservation benefit.  

The differences between the results of reforestation at HFNWR and Keauhou 

Ranch are likely due to the management history and layout of the two sites. Land at 
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Hakalau was grazed continuously for nearly a century, and the young corridors of trees 

are much farther from intact forest than are those at Keauhou. Secondary succession like 

that at Keauhou is more likely when it closely follows forest clearing; in this case, 

residual trees and soil seed banks remain (Lamb et al. 2005). Understanding site history 

and the potential constraints resulting from that history are crucial in execution of 

successful restoration projects. 

Invasive species may negatively affect the future trajectory of the KRAs. Exotic 

grasses are established in all six study areas. The noxious weed Rubus argutus 

(blackberry) was present in 40% of the vegetation plots at HFNWR. I also observed 

blackberry in the 1977 KRA at Keauhou, though I did not encounter it in any of the 

vegetation plots. At HFNWR, managers are aggressively spraying blackberry in attempts 

to eradicate it. During the period of our study, there was no effort to contain or eradicate 

blackberry in the KRAs at Keauhou Ranch. If left untreated, the future forest at Keauhou 

could be a patchwork of native understory pockets and blackberry thickets as blackberry 

is establishing in grassy areas where recruitment of native understory species may already 

be limited. There are other potential forest invaders in Hawai‘i; managers at both sites 

will need to be alert to the possibility and quick to contain unwanted invaders. The same 

potential for biological invasions to stymie restoration progress exists universally. 

Reforestation with Acacia koa has several possible trajectories. Substantial 

management efforts may be necessary to restore native understory species in some 

situations. Adaptive management, such as that shown in the shift to outplanting 

understory species at HFNWR, will be a key to success. 
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Finally, koa forestry only provides a conservation benefit while the trees are 

standing. If today’s koa reforestation areas become tomorrow’s clear cuts, any 

conservation benefit will have been transitory at best. Developing a sustainable and 

minimal impact harvesting scheme will be important if these forests are to have long-term 

conservation benefits. 
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Table 2.1. Plot-level plant species richness in sampling areas at Hakalau Forest NWR and 
Keauhou Ranch, Hawai‘i. Values are mean ± 1 standard deviation. In each site, 0.40 ha (1 

acre) was sampled in 10 plots. Superscripts (A, B, C) indicate significant differences 
between sites based on Tukey’s HSD test following analysis of variance. 

 

    HC      HG      HF      77      88      KFR 
 

11.1A ± 3.2 12.0AB ± 3.0 19.6CD ± 3.4 16.3BC ± 4.2 17.6C ± 2.9 22.8D ± 3.3 
 

HC – corridor site at HFNWR, HG – grove site at HFNWR, HF – forest site at HFNWR, 
77 - 1977 KRA at Keauhou Ranch, 88 - 1988 KRA at Keauhou, , KFR – forest site at 
Keauhou Ranch (K&lauea Forest Reserve). 
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Table 2.2. Overall native and introduced plant species richness in the sampling areas at 
Hakalau Forest NWR and Keauhou Ranch, Hawai‘i. In each site, 0.40 ha (1 acre) was 
sampled. Native species are those endemic or indigenous to Hawai‘i. Introduced includes 
species of unknown provenance. 

 

   HC HG HF 77 88 KFR 
 

Native   14 13 29 24 24 35 
Introduced  10 11  5   6 10   6  
 
TOTAL  24 24 34 30 34 41 
 
Percent native  58.3 54.2 85.3 80 70.6 85.4 

 

HC – corridor site at HFNWR, HG – grove site at HFNWR, HF – forest site at HFNWR, 
77 - 1977 KRA at Keauhou Ranch, 88 - 1988 KRA at Keauhou Ranch, KFR – forest site 
at Keauhou Ranch (K&lauea Forest Reserve). 
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Figure 2.1. Rank abundance graphs for all woody species in sampling areas at Hakalau Forest NWR. S = woody species richness,   

Cinv = inverse Simpson index = 1/ sum (pi)
2, where pi = proportion of individuals of species i. Steeper slopes indicate lower 

heterogeneity values (Cinv). Growth forms of species are indicated by (t) for tree, (s) for shrub and (f) for fern. Snags are included as 

their substantial numbers make them a major component of the KRAs. Sampling areas are forest (native forest reference), grove 

(KRA) and corridor (KRA). 
 

 
 

Hakalau Forest: S = 13, Cinv = 3.55  Hakalau Grove: S = 8, Cinv = 1.7  Hakalau Corridor: S = 3, Cinv = 1.08 
 

Species names in full: ‘!kala - Rubus Hawai‘iensis, blackberry - Rubus argutus, h!pu‘u - Cibotium spp., k!wa‘u - Ilex anomala, koa - 

Acacia koa, k"lea - Myrsine lessertiana, ‘"helo -Vaccinium calycinum, ‘"hi‘a - Metrosideros polymorpha, ‘"lapa - Cheirodendron 

trigynum, snag - A. koa, pilo - Coprosma spp., p#kiawe - Leptecophylla tameiameiae 
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Figure 2.2. Rank abundance graphs for all woody species in sampling areas at Keauhou Ranch. S = woody species richness, Cinv = 

inverse Simpson index = 1/ sum (pi)
2, where pi = proportion of individuals of species i. Growth forms of species are indicated by (t) for 

tree, (s) for shrub and (f) for fern. Steeper slopes indicate lower heterogeneity. Snags are included as their substantial numbers make 

them a major component of the KRAs. Sampling areas are: KFR = K!lauea Forest Reserve (native forest reference), 77 (1977 KRA), 

88 (1988 KRA). 
 

 
 

Keauhou Forest: S = 15, Cinv = 6.74  1977 Koa Reforestation Area: S = 11, Cinv = 3.91  1988 Koa Reforestation Area: S = 12, Cinv = 3.76 

 
Species names in full: ‘"kala - Rubus Hawai‘iensis; alani - Melicope spp.; h"pu‘u - Cibotium spp.; kanawao - Broussasia arguta; k"wa‘u - Ilex anomala; koa - 

Acacia koa; k#lea - Myrsine lessertiana; k#lea lau li‘i - M. sandwicensis; naio - Myoporum sandwicense; ‘#helo - Vaccinium calycinum; ‘#hi‘a - Metrosideros 

polymorpha; ‘#lapa - Cheirodendron trigynum; snag - A. koa; pilo - Coprosma spp.; p$kiawe - Leptecophylla tameiameiae 
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Table 2.3. Total stem density and basal area estimates of all woody species by size class 

for study sites at HFNWR and Keauhou Ranch, Hawai‘i. In each site, 0.40 ha (1 acre) 

was sampled in 10 plots. Values are mean ± 1 standard error. Superscripts (A, B, C) 

indicate significant differences between sites.  
 

HFNWR   Corridor  Grove   Forest 
 

Seedling (< 1 cm diameter) 

   Density (stems ha-1)  5462A ± 2930  3718A ± 1670  20346B ± 4240  

   Basal Area (m2 ha-1)   0.43A ±  0.02   0.29A ± 0.1     1.60B ± 0.3 

 

Sapling (1 - 8 cm dbh) 

   Density (stems ha-1)   76A  ±  43   216A  ±  150  2063B ± 610  

   Basal Area (m2 ha-1)  0.05A ± 0.03  0.14A  ±   0.1    2.4B   ± 0.7 

 

Tree (> 8 cm dbh) 

   Density (stems ha-1)   214A  ± 36   429B  ±  42  294A,B  ±  41  

   Basal Area (m2 ha-1)  12.2A  ± 1.9  14.6A  ±  2.4  31.3B   ±  4.5 

 

 

Keauhou Ranch  1977   1988   KFR 
 

Seedling (< 1 cm diameter) 

   Density (stems ha-1)  10860A ± 809  26000A ± 6888  15024A ± 1515  

   Basal Area (m2 ha-1)     0.85A ± 0.07     2.04B ± 0.05     1.20B ± 0.1 

  

 

Sapling (1 - 8 cm dbh) 

   Density (stems ha-1)   2305A ±  388  4520B  ±  768  3616A,B  ±  651

  

   Basal Area (m2 ha-1)    2.79A ±  0.5   5.91B  ±  1.0   4.82A,B  ±   0.9 

 

Tree (> 8 cm dbh) 

   Density (stems ha-1)  1246A  ±  87  1378A  ±  126  1144A  ±  61  

   Basal Area (m2 ha-1)   45.7A  ±  3.4   24.4B  ±  2.4   49.2A  ± 5.6 
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Figure 2.3. Structural profile of vegetation at Hakalau Forest NWR (a) and Keauhou Ranch (b), Hawai‘i. 

Y-axis is the height class; x-axis is the percent vegetation cover in that height class. In each site, 0.40 ha 

(one acre) was sampled in 10 plots. Bars show mean ± standard error.  

(a) 

 
(b) 
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Figure 2.4. Height and percent cover of the canopy for sampling areas at Hakalau Forest 

NWR and Keauhou Ranch, Hawai‘i. In each site, 0.40 ha (1 acre) was sampled in 10 

plots. Values shown are mean + 1 standard deviation. Letters in parentheses ((a), (b), (c)) 

indicate significant differences among sites based on Tukey’s HSD test following 

analysis of variance. 
 

(a) 

 
(b) 

 
 

HC – corridor site at HFNWR, HG – grove site at HFNWR, 77 - 1977 KRA at Keauhou 

Ranch, 88 - 1988 KRA at Keauhou Ranch, HF – forest site at HFNWR, KFR – forest site 

at Keauhou Ranch (K!lauea Forest Reserve).
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Table 2.4. Density (D), basal area (BA) and importance values (IV) for common tree species at Hakalau Forest NWR and Keauhou Ranch, Hawai‘i. Individuals 

included are those > 1 cm dbh. Density values are individuals per hectare (standard error). Basal area values are m2 hectare-1. Importance value: IV = [(relative 

frequency + relative density + relative dominance)/3]*100. Rank (IV) of species at a site follows importance value in parentheses. 
 

Hakalau Forest NWR  Corridor    Grove     Forest 
 

species    D (SE)     BA IV (rank) D (SE)  BA  IV (rank) D (SE)  BA IV (rank) 

Metrosideros polymorpha     2 (3)       0.3   8.1 (3)  104 (89)       0.2 10.3  (2)  1097 (240)      29.3   68.1  (1) 

Cheirodendron trigynum    --         --     --       --         --   2.8  (5)   208  (130)         0.85  16.3  (2) 

Acacia koa   212 (43)     11.9  83.1 (1)  513 (60)    14.0 74.4  (1)     15 (9)             2.8     7.8   (3) 

Myrsine lessertiana    --         --     --      --         --   1.4  (6)     30 (17)            1.3   4.3   (4)  

Ilex anomala     --         --     --     --         --   4.2  (4)      --             --   2.3   (5) 

Coprosma spp.a     --         --    8.8 (2)     --         --   6.9  (3)      --             --  1.1   (6) 
 

Keauhou Ranch   1977 Koa    1988 Koa    Forest 
 

species    D (SE)     BA IV (rank) D (SE)  BA  IV (rank) D (SE)  BA IV (rank) 

Metrosideros polymorpha   206 (80)   0.6   9.0  (3)  577 (295)  1.2 12.7  (2)  2105 (360) 42.5 49.5  (1) 

Cheirodendron trigynum     40 (20)   0.3   6.7  (5)    13 (6)   0.2   3.4  (6)    699 (130)   5.1 13.9  (2) 

Ilex anomala      37 (27)   0.3   2.2  (6)    43 (27)   0.1   4.3  (4)    482 (102)   1.9 10.0  (3) 

Myrsine lessertianab      --    --     --    16 (13)   0.1   4.0  (5)    203 (55)   0.6   6.7  (4) 

Myoporum sandwicense   785 (182)   4.5  20.8  (2)  297 (116)  1.0   9.6  (3)      85 (25)   1.0   5.9  (5) 

Coprosma spp.a    120 (61)   0.3    7.0  (4)    18 (13)  0.1   2.5  (7)      28 (14)   0.2   4.8  (6) 

Acacia koa   1356 (157) 41.5  54.3  (1) 3484 (582) 22.8  63.5  (1)     17 (11)   3.5   4.0  (7) 

Melicope spp.c       --    --     --      --    --     --      10 (5)    0.1   2.8  (8) 

Myrsine sandwicensis      --    --     --      --    --     --      18 (13)   0.1   2.4  (9) 
 

a Two species of Coprosma were identified. These were grouped for analysis. 
b We did not count any M. lessertiana greater than 1 cm dbh in our 1977 plots; there were individuals <1 cm diameter. 
c Melicope spp. individuals were identified to genus level.
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CHAPTER THREE: IF YOU BUILD IT, WILL THEY COME? 

Bird behavior as an indicator of restoration success in koa (Acacia koa) reforestation 

areas: the “Field of Dreams” hypothesis and beyond 

 

 

Abstract 

 

The effectiveness of plantation forestry in restoration of degraded habitats is seldom 

evaluated after the trees are established. In Hawai!i, there are calls for development of a 

sustainable koa (Acacia koa) forest industry, with implied ecological and conservation 

benefits. The “Field of Dreams” hypothesis states that “if you build it, they will come”: 

animals will colonize an area if the vegetation structure is restored. I assessed the value of 

koa forestry for avian conservation by measuring community attributes and behavior in a 

suite of endemic forest passerines at two sites on Hawai‘i Island. At Keauhou Ranch, bird 

communities were similar in koa reforestation areas (KRAs) and intact native forest sites; 

at Hakalau Forest National Wildlife Refuge (HFNWR), bird communities differed 

between habitats. These results partially support the Field of Dreams hypothesis. Activity 

budgets calculated for four species were not significantly different in KRAs and forests. 

However, activity budgets for two other species indicate that these birds are using KRAs 

and forest habitats differently. Additionally, behavior sequence transitions suggest that 

KRAs and intact native forests may not be equivalent habitat for juveniles of four species. 

I conclude that koa forestry has conservation value as habitat for some activities for six 

species of Hawaiian forest birds, but I caution that 1) two species are rare or missing in 

the KRAs and 2) the habitat is not equivalent for two other species with respect to time 

allocation. My results suggest that behavior can be a useful tool to evaluate restoration 

success.  
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Introduction 

Species persistence is the heart of conservation biology. Biodiversity conservation 

is complex and multiple strategies are often necessary to achieve conservation goals. In 

Hawai!i, efforts to conserve terrestrial biota include preservation of intact habitats by 

state, federal and private landowners. However, most protected areas are degraded as a 

result of invasion by alien species. Once altered, native ecosystems are less resilient to 

effects of alien species and the cycle of degradation is exacerbated (Pratt and Jacobi 

2009). Restoration of these degraded habitats via invasive species control is a primary 

effort in Hawaiian conservation (Banko et al. 2001, Scott et al. 2001b, Mitchell et al. 

2005). Additionally, there are efforts to restore forests on completely denuded sites 

(Cabin et al. 2002, Ostertag et al. 2008).  On Hawai‘i Island, federal, state and private 

landowners are reforesting with Acacia koa (koa), an endemic hardwood (Scowcroft and 

Jeffrey 1999, Pejchar and Press 2006, USFWS 2006, Price et al. 2009). Koa forestry 

promises a sustainable future for derelict pasture land, with economic and ecological 

benefits (Wilkinson and Elevitch 2003, Goldstein et al. 2006, Goldstein et al. 2008). At 

Hakalau Forest National Wildlife Refuge (HFNWR), volunteers planted nearly 400,000 

koa trees between 1987 and 2010 in an effort to create habitat for Hawaiian forest birds 

(Ball 2010).  

As acreage of koa forest increases, it remains unclear whether or how these forests 

benefit native bird species. One honeycreeper species, ‘Akiap"l#‘au (Hemignathus 

munroi), appears to thrive in young koa forests (Pratt et al. 2001, Pejchar et al. 2005). 

Despite this positive result, long term population trends in the Kulani-Keauhou area 

indicate that most native species may be in decline there (Gorresen et al. 2005). Long-
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term population monitoring at HFNWR suggests colonization of the young koa forests by 

three honeycreeper species (Camp et al. 2009, 2010). Presence alone, though, is 

insufficient to declare restoration success (Lockwood and Pimm 1999, Ruiz-Jaen and 

Aide 2005). In the worst case, animals can be present in habitats that are ecological traps 

(Battin 2004, Robertson and Hutto 2006). Understanding anti-predator, foraging and 

breeding behavior can elucidate differences in habitat quality (Lindell 2008). Activity 

budgets can also provide clues about habitat quality by revealing similarities and 

differences in behavior (Engel and Young 1992, Steidl and Anthony 2000, Graham 2001, 

Oliver 2001, Armitage et al. 2007, Speights and Conway 2009). Identifying these 

differences can lead to better adaptive management and greater restoration success. 

In this chapter, I explore a few broad connections among community and 

restoration ecology, animal behavior, and conservation of Hawaiian forest birds with 

respect to koa forestry. The “Field of Dreams” hypothesis suggests that “if you build it, 

they will come” (Palmer et al. 1997, Young 2000). I assess this hypothesis by analyzing 

avian community composition and co-occurrence in koa reforestation areas (KRAs) and 

nearby intact native forests. In an effort to understand how birds use the young koa 

habitats (i.e., “what are they doing in there?” Jack Jeffrey), I quantified observed 

behavior. To survive, birds need to forage, rest, avoid predators, maintain themselves and 

reproduce. If, for example, birds spend more time resting in KRAs, then time for other 

activities is limited. I calculated activity budgets for the seven bird species common in 

both KRAs and native forest habitats to ascertain whether birds partition their time 

similarly in the two habitats. The sequential structure of behavior can be informative as 

well (Martin and Bateson 1993, Lehner 1996, Bakeman and Gottman 1997, Blumstein et 
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al. 2006). Animal behavior may change in response to a stimulus or disturbance (Losey 

1998, Lusseau 2003, Lusseau et al. 2009). Alternatively, the structure of behavior may be 

fixed, as in action patterns (Alcock 2005). Behavioral plasticity in the face of novel 

environments may be adaptive or it may lead individuals to mis-interpret cues and 

colonize sinks (Greenberg 1990, Goss-Custard and Sutherland 1997, Schlaepfer et al. 

2002). I hypothesized that avian behavior would differ between KRAs and forest habitats. 

I explore that hypothesis with analysis of behavioral transitions. The goal of this study is 

to partially assess the effectiveness of koa forestry in avian conservation through 

consideration of the behavior of forest birds. A clearer understanding the value of young 

koa forests for native species is an important part of the conservation puzzle in Hawai!i. 

 

Methods 

Study site descriptions. The two study sites are the same as those described in 

Chapter 2 of this dissertation. For the purposes of analysis in this chapter, data from the 

corridor and grove locations at Hakalau Forest National Wildlife Refuge are combined 

into a “Hakalau Koa” location (HK), and the forest site at HFNWR is designated 

“Hakalau forest” (HF). Similarly, the 1977 and 1988 koa reforestation areas at Keauhou 

Ranch are combined into “Keauhou Koa” (KK) and the forest site is designated K"lauea 

Forest Reserve (KFR). For analyses of behavioral transitions, the sites are further 

combined into “koa” and “forest”. 

Avian Community. The endemic passerine community on windward Hawai‘i 

Island consists of  five common and three endangered (E) species. Hawai!i ‘Amakihi 

(Hemignathus virens), ‘Apapane (Himatione sanguinea), ‘I‘iwi (Vestiaria coccinea), 
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Hawai‘i CreeperE (Oreomystis mana), Hawai‘i ’!kepaE (Loxops coccineus), and 

‘Akiap"l#‘auE (Hemignathus munroi) are Hawaiian honeycreepers (Fringillidae: 

Drepanidini). The other endemic passerines are ‘Elepaio (Chasiempis sandwichensis) 

(Monarchidae), a flycatcher, and ‘$ma‘o (Myadestes obscurus) (Turdidae), a thrush. 

Common introduced passerine species in montane forests include Japanese White-eye 

(Zosterops japonicus) (Zosteropidae), Red-billed Leiothrix (Leiothrix lutea) (Timaliidae), 

and Northern Cardinal (Cardinalis cardinalis) (Emberizidae). 

Ethogram. I began constructing an ethogram based on my personal knowledge of 

this bird community. I made sample audio recordings of behavior while observing birds 

in forest habitats. When I saw a behavior that I could not categorize under my ethogram, 

it was added. Similarly, when it was clear that behaviors were not mutually exclusive, 

they were deleted from the ethogram. When I was certain that the ethogram consisted of 

exhaustive and mutually exclusive behaviors (Martin and Bateson 1993, Lehner 1996), I 

began collecting data. The ethogram used in this study is Appendix 2. It is organized into 

10 behaviors, most of which can be further categorized by modifiers. For example, an 

“eat” is any movement directed at food or a food-concealing substrate that could result in 

food being obtained. An “eat” can be categorized as a glean, hover, sally, peck, hang, 

reach, flower probe. Modifiers were not always assigned due to difficulty in seeing the 

bird, or the speed at which behavioral transitions were taking place. For most analyses 

presented in this chapter, the modifiers were not used. Because this study was not 

concerned with breeding biology of these species, the ethogram is not specific regarding 

displays or territorial aggression. Instead, these behaviors are considered “interactions,” 

and are categorized as being either reproductive (displays, copulations, nest building), 
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chasing, feeding/begging, or allopreening. Because an ethogram should be a catalog of 

behaviors free from imputed function, I did not attempt to assign functional roles to the 

behaviors. Therefore, an interaction is between two individuals and can be further 

categorized by the action (feeding) and not the function (which could be parental or pair-

bonding). 

Exploratory data analysis revealed that several behaviors in the ethogram occurred 

relatively infrequently. In order to facilitate analysis and better meet distributional 

assumptions for statistical tests, four behaviors were collapsed into others. “Creep” and 

“walk,” which are both forms of non-flying locomotion, were added to “hop,” and 

“move” and “drop,” both of which involve wings, were added to “fly.” 

Data collection.  The six study areas were visited monthly or bi-monthly (during 

breeding season, December - June) between July 2002 and August 2003 for a total of 17-

19 visits per site. I collected data while walking established transects in the study areas. 

Transects were between 650 and 950 meters long; differences in transect length reflect 

constraints of dimension and shape in the KRAs. When an individual bird was 

encountered, I watched it exclusively for as long as possible. I did not subsequently 

observe a second individual of the same species unless I could differentiate it by sex or 

age class or until I had walked 50 meters from the first sighting (Bell et al. 1990, Fretz 

2000). I recorded behaviors continuously using a digital voice recorder; these audio files 

were transcribed into JWatcher, an event recording and behavior analysis program 

(Blumstein et al. 2006). Thus, I collected continuous focal samples (Altmann 1974). To 

avoid bias towards visually or vocally conspicuous behaviors in analyses, I ignored the 

first recorded behavior when transcribing files (Noon and Block 1990). Because I 
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collected data on established transects, it is likely that I sampled some individuals on 

more than one occasion. Because these samples were separated by at least ten days, I 

treated them as independent samples in statistical analyses (Oliver 2001, Tricas 2004). I 

practiced with the voice recorder and the ethogram before collecting any data, and I also 

practiced transcribing the audio files with JWatcher prior to creating the permanent 

behavior data files. 

Statistical analysis. Avian community. Relative frequencies of occurrence for 

native passerine species in KRAs and intact forests were calculated from 

presence/absence data and compared with a !2 statistic. I used Yates’ correction for 

continuity to limit inflation of the !2 statistic in the case of 2 x 2 tables with small 

expected values (Zar 1999). Because of multiple tests, I accepted " = 0.01 as a significant 

result.  Presence/absence data were also used to assess community similarity between the 

two habitat types (KRA versus forest) at each study site. I report Jaccard’s coefficient of 

similarity, 

! 

s j =
a

a + b + c
, where a is the number of species in sample A and sample B 

(joint occurrences), b is the muber of species in sample B but not in sample A, and c is 

the number of species in sample A but not in sample B (Krebs 1999). This index scales 

similarity from zero to one, where a value of one indicates identically composed 

communities and a value of zero indicates two communities with no species in common. 

Because similarity indices have no measure of variability, I tested co-occurrence of 

species in the different habitats against a null model of random species co-occurrence 

using the program Ecosim (Gotelli and Entsminger 2001). In the simulation for which 

results are reported, the total number of sites occupied by a species was fixed, and sites 

were treated as equiprobable (this assumes that all sites are equivalent) (Gotelli 2000). I 
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report a standardized effect size as well as the p-value obtained from comparison of the 

index of the observed presence/absence matrix to 5000 simulated indices. 

Activity budgets. The proportion of time allocated to each behavior was calculated 

for each individual. Periods when the bird could not be seen were excluded from this 

calculation as it is impossible to assign a behavior to an animal when it is out of sight. 

Because the proportion of time dedicated to any one activity necessarily constrains the 

amount of time remaining for other activities, these proportions are correlated. Therefore, 

differences in activity among locations were analyzed using multivariate analysis of 

covariance (MANCOVA) with proportions of time spent in each of six activities as 

dependent variables. The number of events in each behavior sequence was included as a 

covariate because sample length can be correlated with the number or durations of 

behaviors noted. Factors in MANCOVA were season (breeding or not breeding), age 

(adult or juvenile), and location (four levels: Hakalau Koa (HK), Keauhou Koa (KK), 

Hakalau Forest (HF) and K!lauea Forest Reserve (KFR)). The test statistic reported is 

Pillai’s Trace, V, because it is not prone to Type I errors yet is robust to some 

heterogeneity of covariance among the variables (Olson 1976, Johnson and Wichern 

2007). Where there was a significant difference among factors in MANCOVA results, 

univariate analysis of variance was applied to determine the source of those differences 

(Johnson and Wichern 2007). To meet model assumptions for distribution and variance, 

proportions were arcsine square root transformed before analysis. When these 

transformations were insufficient to meet assumptions, differences among proportions 

were compared across locations with a non-parametric or robust analysis of variance 

(Kruskal-Wallis or Welch’s ANOVA). 
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Sequential analysis. Behavior sequences were combined by species, age class and 

location (Bakeman and Gottman 1997, Blumstein and Daniel 2007). I did not separate 

sequences by sex because of sample size considerations and because other authors have 

not found differences between sexes in previous studies of these birds (e.g., VanderWerf 

1994). For each species/age/location combination, I pooled sequences of behaviors that 

were longer than 20 events. I did the same with sequences between 10 and 19 events 

(inclusive) long. Simple event probabilities, which are calculated as the number of times 

an event (e.g., hop) occurs divided by the total number of events in a sequence were 

calculated in JWatcher for these combined sequences. Simple event probabilities in 

sequences with more than 20 events were compared to those in sequences with 10-19 

events with MANOVA or Kruskal-Wallis tests. Where exploratory data analysis 

indicated that these probabilities were similar, the data were further combined so that all 

sequences with 10 or more events were analyzed. For each combined data file (e.g., adult 

‘Apapane in KRAs, or ‘Elepaio juveniles in forests), I used JWatcher to calculate simple 

probabilities of each event (behavior), and transition probabilities at lag 1 and lag 2. A 

transition probability is a conditional probability of the form P(X!Y) that provides 

information about the sequential structure of the behavior. A lag 1 transitional probability 

is the probability of an event (e.g., rest) occurring after a given event (e.g., fly), or 

P(rest!fly). (The event sequence in this case would be “fly, rest”.) A lag 2 transitional 

probability is the probability that an event (e.g., rest) will occur after a given event (fly, in 

this case) but it will be the second behavior after “fly”. (The event sequence in this case 

would be “fly, any other behavior, rest”.) Transition probabilities were used to construct 

transition probability diagrams for each species in KRAs and forest habitats. These 
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diagrams provide a two-dimensional picture of the sequential structure of behavior. Direct 

comparison of transition probabilites is not advised because differences in transition 

probabilities may reflect differences in simple probabilities (Bakeman and Gottman 

1997). It is possible to calculate z-scores for transition probabilities and then compare 

whether a particular two-event sequence occurs more or less frequently than would be 

expected by chance. Because the volume of tests in this study would be very large (4 

species times 2 habitat types times 36 transition probabilites), it would be difficult to 

interpret results broadly, and the Type I error rate would be unconscionable (Bakeman 

and Gottman 1997). Therefore, the transition diagrams are presented only as descriptions 

and hypothesis-generating mechanisms.  

Interactions. Proportions of time involving intra- and inter-specific interactions 

were quite small for all species in all habitats. However, most interactions involve 

reproductive or territorial behavior, and may therefore have a disproportionate effect on 

fitness. Consequently, I analyzed interactions between individuals separately. Four 

categories of interaction between individuals were defined in the ethogram: chase, 

allopreen, reproductive (e.g., copulations, nest building), or feed/beg. Interactions were 

cross-tabulated by season (breeding or not) and habitat (KRA or forest), and compared 

using !2 analysis. 

 

Results 

I obtained 1663 focal animal behavior sequences of 11 bird species (Table 3.1). 

Of these, 1408 were native species, 1076 were in KRAs and 587 were in forest sites. The 

average sequence length was 51.6 ± 1.6 (s.e.) seconds and 15 ± 1.2 (s.e.) behaviors. I 
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recorded 25,000 individual behaviors. All eleven species are included in the community 

analysis. Due to small sample sizes (Northern Cardinal and Red-billed Leiothrix) or 

presence in just one of six study locations (Hawai!i ‘"kepa and Hawai‘i Creeper), 

behavioral analyses include only seven species. 

Avian community. At Hakalau Forest NWR, four native species were encountered 

significantly less often in the koa reforestation areas (KRAs) than in the reference native 

forest site (Table 3.2). These were ‘I‘iwi, ‘#ma‘o, and the endangered species ‘"kepa 

and Hawai‘i Creeper. For two additional species, ‘Akiap$l%‘au and ‘Apapane, there is an 

indication of different relative frequencies (!2 = 6.01 and 5.15, df=1, p = 0.03 and 0.05 

respectively), though these are not statistically significant results when the family of eight 

tests is considered. In the KRAs at Keauhou Ranch, only ‘"kepa and ‘Akiap$l%‘au were 

encountered with different frequency than in the reference forest site. ‘"kepa were seen 

infrequently at Keauhou Ranch, and only once in a KRA (!2 = 12.02, df=1, p < 0.001). 

‘Akiap$l%‘au were found much more often in the KRAs than in the forest (!2 = 24.5, 

df=1, p < 0.0001).  

Community similarity measures at Hakalau Forest NWR indicate differences 

between the KRAs and reference native forest site. Jaccard’s coefficient of similarity 

ranged from 0.444 when all bird species were considered to 0.636 when only passerine 

species were included (Table 3.3). When species co-occurrence was tested against a null 

model of random species combinations in 5000 simulations, communities at Hakalau 

Forest NWR were non-random in two out of three scenarios. Simulations including all 

bird species and all passerine species resulted in non-random co-occurrence patterns. 

However, simulations including only native passerine species were not statistically 
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different from a random co-occurrence model regardless of model constraints. 

Standardized effect sizes (co-occurrence index standardized to a normal distribution and 

roughly interpretable as standard deviations from a mean) ranged from 2.03 to 3.36. 

Calculated p-values from the simulations as well as standardized effect sizes are shown in 

Table 3.3. Bird communities were similar in the KRAs and forest sites at Keauhou Ranch. 

Similarity coefficients ranged from 0.875 to 0.923. In a simulation of 5000 communities, 

species co-occurrence did not differ from random; standardized effect sizes ranged from 

0.88 for a simulation including all bird species to 1.74 for a simulation of native passerine 

species only. 

Activity budgets. Time allocation – the proportions of time spent on each of six 

activities – was compared across locations and seasons for each bird species. Results from 

multivariate analysis of covariance are summarized in Table 3.4. ‘Akiap!l"‘au (Figure 

3.1), Hawai‘i’Amakihi (Figure 3.2), and ‘#ma‘o (Figure 3.3) time allocation did not 

differ among locations or seasons. Activity budgets for ‘Apapane, ‘I‘iwi, and Japanese 

White-eye differed among locations. ‘Apapane spent more time eating in the forest site at 

HFNWR than in the KRAs at Keauhou Ranch (Figure 3.4). They flew more and hopped 

less in all sites at HFNWR than they did at Keauhou Ranch. ‘I‘iwi foraged more in both 

forest sites than in the KRAs at Keauhou Ranch (Figure 3.5). ‘I‘iwi also spent a greater 

percentage of time interacting with other individuals (conspecifics, $Apapane, and 

$Amakihi) in the forest than in the KRAs at HFNWR. ‘Elepaio time allocation differed by 

season, but activities were similar among locations (Figure 3.6). Japanese White-eye 

spent a greater proportion of time foraging in the forest site at Keauhou Ranch and more 
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time interacting with conspecifics in the KRAs at Keauhou Ranch and the forest site at 

HFNWR (Figure 3.7).  

Sequential analysis. For ‘Elepaio and ‘Apapane, only sequences with 20 or more 

events were included in the transition analysis. Behavioral transitions at lag 1 for ‘Elepaio 

and ‘Apapane are diagrammed in Figures 3.8 and 3.9. Sequences longer than 10 events 

were analyzed for ‘I‘iwi and ‘Amakihi. Transition probabilities for these species are 

illustrated in Figures 3.10 and 3.11. ‘Elepaio adults have similar behavior transitions in 

both habitats (Figure 3.8). Juvenile ‘Elepaio are more likely to remain at rest or continue 

eating in forests than in KRAs. ‘Apapane adults eat and fly consecutively more often in 

the forest than in the KRAs, but they are more likely to remain at rest in the KRAs 

(Figure 3.9). For juvenile ‘Apapane, the transition probability from eat-to-eat is 

particularly large in the forest compared to the KRAs. Adult ‘I‘iwi behavior is similar in 

forests and KRAs, except that the likelihood of successive eats is greater in the KRAs 

(Figure 3.10). Adult ‘I‘iwi are also less likely to look in combination with resting in the 

KRAs than in the forests. Juvenile ‘I‘iwi behavior is similar to that of adults, except that 

the transitions to hop from either resting or looking (both stationary behaviors) is greater 

in the KRAs than the forests. Interactions involving juvenile !I!iwi in the KRAs most 

often transition to a second interaction while in the forests, interactions transition to a 

flight (Figure 3.10). Successive eats are more likely to occur for ‘Amakihi adults in the 

KRAs than in the forests (Figure 3.11). Adult ‘Amakihi also transition into interactions 

more frequently in the forests. Juvenile ‘Amakihi have stronger eat-to-eat and rest-to-rest 

transitions in the forests than in the KRAs. 
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Interactions. Interactions with other individuals were a very small proportion of 

time for all observations combined (x = 0.022 ± 0.08 (mean plus standard deviation)), but 

they were recorded in 180 sequences (10.8% of the total). I observed 181 chases, 131 

feeding events, 47 allopreening interactions, and 28 reproductive behaviors. The majority 

of these occurred during the six-month breeding season (71%); interactions observed in 

KRAs and forest habitats were proportional to sampling effort in those locations (66% 

versus 34%). Among ‘I‘iwi, ‘Amakihi and ‘Elepaio, interactions occurred independently 

of breeding season and habitat (KRA or forest) (!2=2.71, p=0.10; !2=1.64, p=0.20; 

!2=2.25, p=0.13; df=1 for all). Season and habitat were not independent in ‘Apapane 

interactions (!2 =4.23, p=0.04, df=1). During breeding season, most ‘Apapane 

interactions were in the forest sites, but there were more interactions in the KRAs outside 

of breeding season. All of these interactions occurred in the KRAs at Keauhou Ranch as 

‘Apapane were not seen in the KRAs at HFNWR outside of breeding season. All of the 

allopreening events were among Japanese White-eyes. Interactions among ‘Akiap!l"‘au 

(n=3) and ‘#ma‘o (n=3) were feeding/begging events. Chases were the predominant 

interactions involving ‘I‘iwi and, to a lesser extent, ‘Apapane. Interactions involving 

‘Elepaio and ‘Amakihi were more evenly distributed among categories.  

 

Discussion 

Avian community.  Four (HFNWR) or seven (Keauhou Ranch) species of 

Hawaiian forest birds were encountered as often in the KRAs as in native forest sites. 

This is a partial confirmation of the “Field of Dreams” hypothesis: the pool of potential 

colonizers contains eight species. Differences in frequency of occurrence between koa 
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and forest habitats for these birds indicate differences in colonization or use of the KRAs 

by this bird community. Three native bird species (Hawai!i Creeper, Hawai!i ‘"kepa, 

‘#ma‘o) were never encountered in the koa at HFNWR, and one other (‘I‘iwi) was 

encountered significantly less frequently in the koa than in the forest there. Long term 

population monitoring at HFNWR indicates that ‘I‘iwi are one of three honeycreeper 

species that have colonized the KRAs (Camp et al. 2010). My findings suggest that ‘I‘iwi 

are transient in the KRAs, perhaps only using them for foraging during breeding season. 

This is consistent with known ‘I‘iwi seasonal movement patterns (Ralph and Fancy 1995, 

Kuntz 2008). ‘#ma‘o are frugivores; their absence in KRAs at Hakalau is likely due to 

the lack of suitable and sufficient understory species. In recent years, the reforestation 

efforts at HFNWR have shifted to emphasize creation of a species rich understory in the 

KRAs (Ball 2010). ‘#ma‘o colonization of these habitats may follow. At Keauhou 

Ranch, my finding that ‘Akiap$l%‘au are more commonly encountered in KRAs than in 

the forest site is consistent with a study of home range size and demography conducted by 

Pejchar et al. (2005) during the same time period. ‘"kepa and Hawai!i Creeper were 

encountered infrequently at Keauhou Ranch. While my findings indicate a difference 

between KRAs and forest in frequency of occurrence for ‘"kepa, this may be a reflection 

of low overall density of ‘"kepa in the K&lauea-Kulani area (Gorresen et al. 2005). 

 Interpretation of null models in ecology has a controversial history (e.g., Diamond 

1975, Connor and Simberloff 1979, Wiens 1989, Gotelli and Graves 1996). However, the 

premise of a null model – to determine whether the observed pattern differs from random 

– is a valuable one. In this study, the bird communities in KRAs and the forest at 

Keauhou Ranch did not differ from randomly assembled communities; that is, from a 
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community perspective, the KRAs and the forest are the same. When the introduced bird 

species are included at HFNWR, the bird communities differ from random assemblages. 

Five open country species were encountered in the KRAs at HFNWR, and three of eight 

native passerines were not. There are several hypotheses that may explain non-randomly 

structured communities – competition, historical or phylogenetic effects, or habitat 

checkerboards (Gotelli and Graves 1996). Both history and habitat differences at 

HFNWR would lead one to hypothesize that the bird communities would be different 

from random: the surprise finding in this study is that the community of eight native 

passerines did not differ from a randomly structured community (Table 3.3). This result 

may reflect the size of the matrix analyzed (eight species by three sites), or the fact that 

two of three sites within the matrix had identical species occurrence patterns. As a result, 

there are very few possible outcomes for any of the co-occurrence or species combination 

scores. When both species and site totals were allowed to vary proportionally, the number 

of species combinations at HFNWR compared to 5000 simulated communities 

approaches a statistically significant difference (p=0.07). Perhaps a more important 

consideration than random assembly of these communities is that of exactly which 

species were not encountered in the KRAs. At HFNWR, two of the three missing species 

are endangered. Their absence indicates that the refuge plan of habitat restoration via 

reforestation may not benefit all Hawaiian forest bird species equally, or that the time-lag 

to benefits may be substantially longer for some species.  

Activity budgets. I calculated activity budgets for six species of Hawaiian forest 

birds: these are the first information on time allocation for these species (Scott et al. 

1986a, Fancy and Ralph 1997, Lepson and Freed 1997, Fancy and Ralph 1998, Lindsey et 
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al. 1998, VanderWerf 1998, Wakelee and Fancy 1999, Lepson and Woodworth 2001, 

Pratt et al. 2001). Proportions of time allocated to six categories of activity were similar 

in KRAs and forests for four species (‘Akiap!l"‘au, ‘Amakihi, ‘Elepaio and ‘#ma‘o). 

‘Akiap!l"‘au were not observed in the forest site at Keauhou, so their activities were 

compared between KRAs and the forest site at HFNWR only. Similarly, ‘#ma‘o were not 

detected in the KRAs at HFNWR. ‘Elepaio time allocation differed by season; 

specifically, ‘Elepaio adults forage more and juveniles move more during breeding 

season. VanderWerf (1994) found that ‘Elepaio foraging tactics differed in open forests 

compared to closed forests, but did not assess seasonal differences or overall time 

allocation. I did not find that ‘Elepaio activity differed among habitats. My conclusions 

are based on pooling individuals, so they represent a species average; VanderWerf 

assessed individual variation. Differences in goals and methods likely account for 

differences in results.  

‘Apapane and ‘I‘iwi allocated time differently in the KRAs and forest habitats. 

‘Apapane spent more time foraging in the forest site at HFNWR. They foraged less and 

ambulated more in the KRAs at Keauhou Ranch, and they spent a greater proportion of 

time flying in the KRAs than in the forest at HFNWR. ‘I‘iwi were similar: they foraged a 

greater proportion of time in the forest sites than in the KRAs. ‘I‘iwi spent more time 

interacting with other individuals in the forest at HFNWR, and spent less time in 

interactions in the KRAs at HFNWR. These two species move daily and seasonally in 

response to nectar resources (Ralph and Fancy 1995, Kuntz 2008). It does not seem 

unfathomable that they might also travel to exploit abundant arthropod resources. I did 

not quantify food in this study, but my field notes mention a plethora of insects in the 
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Hakalau KRAs during spring, which is when ‘Apapane and ‘I‘iwi were common there. 

Alternatively, the individuals seen in the KRAs may have been moving upslope towards 

the m!mane (Sophora chrysophylla) forests. ‘I‘iwi are known to defend feeding territories 

when "#hi"a nectar is abundant (Pimm and Pimm 1982, Fancy and Ralph 1998, Kuntz 

2008). The greater proportion of time spent interacting with other individuals at HFNWR 

is likely a reflection of abundant defendable "#hi"a resources at that site compared with 

the KRAs.  

Japanese White-eye is the only introduced species for which I collected sufficient 

data to analyze time budgets. They are of interest because they may compete with the 

nectarivores or with ‘$kepa for food (Conant 1981, Scott et al. 1986a, Ralph and Noon 

1988, Freed et al. 2008). The proportion of time that White-eyes spent interacting with 

other individuals (all co-preening events) was greater in the KRAs at Keauhou Ranch and 

in the forest site at HFNWR, and they allocated twice as much time to eating in the forest 

at Keauhou Ranch than they did at other sites. They are ubiquitous in the KRAs at 

HFNWR yet both feed and preen less there than in other sites. 

I did not detect a difference in the proportion of time allocated to “look” for any 

species. This likely implies that there are no differences in vigilance behavior between 

habitats. Other authors have found differences in vigilance behavior of passerine species 

in fragmented or open habitats (Luck 2003, Morrison et al. 2010). One forest bird 

predator (Tyto alba) occurs in the KRAs and open habitats but not in closed forests at 

HFNWR (Mostello 1996). Whether the lack of difference in vigilance behavior between 

habitats is maladaptive for these birds was beyond the scope of this study. 
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Together with results that show similarities in foraging across habitats (this 

dissertation, Chapter Four), similarly proportioned time is an encouraging result for those 

using koa to restore forests. If birds in the KRAs were spending more time eating, that 

would leave less time for rest or maintenance, but it could also indicate high quality 

foraging habitat (Lindell and Smith 2003). Or, if they were spending more time being 

vigilant because of increased predator threat, less time would be available for foraging or 

maintenance or rest. As birds need to engage in all these activities, their re-distribution in 

the face of differing habitats could be problematic. Of the native species observed in the 

KRAs, only ‘Apapane and ‘I‘iwi have a different distribution of behaviors. This indicates 

that they are using the KRAs and forest habitats differently, which may mean that KRAs 

are less optimal habitats for these two species or that they are only beneficial for a limited 

subset of activities. 

Sequential analysis. The transition diagrams of the birds in the forest habitats can 

be thought of as hypotheses for the structure of each species’ behavior. If the transition 

diagram of a species in the KRAs closely resembles the diagram of that same species in 

the forests, the structure of their behavior is the same in the two habitats. There are 

several hypotheses to account for similarity: birds might not perceive a difference 

between the habitats, or their behavior patterns may be somewhat fixed or stereotypical, 

or the habitats may be providing the same resources to the birds.  

In the case of these species, adult ‘Elepaio transitions are the most similar between 

habitats. ‘I‘iwi and ‘Apapane adult transition diagrams suggest a difference in the eat-to-

eat transition: both eat consecutively more often in the KRAs. This may reflect abundant 

arthropod resources in the KRAs, or it could reflect the patchy distribution of !"hi!a 
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inflorescences between which ‘I‘iwi and ‘Apapane fly. Stronger links between eat and fly 

for adult ‘I‘iwi are consistent with the patchy inflorescence idea above, and with their 

known territorial behavior. All juveniles of the four species analyzed – ‘Elepaio, ‘I‘iwi, 

‘Apapane and ‘Amakihi – have stronger eat-to-eat and rest-to-rest transitions in the 

forests than in the KRAs. If the behavior sequences in the forests are the hypotheses for 

those in good habitat, two ideas follow: 1) Food resources are more closely spaced or 

otherwise easier to obtain in the forests and thus KRAs are perhaps not as good for 

foraging. 2) Rest periods are more likely to be interrupted in the KRAs, which could 

imply greater energy expenditure. Either of these could have fitness consequences for 

young birds. 

In this study, the transition diagrams suggest ways that behavior differs between 

KRAs and native forests for juveniles of four species of native birds. Analyses of activity 

budgets and foraging efforts revealed differences for only two of these species. Future 

studies might explore the reasons that rest periods are more often interrupted in the 

KRAs. ‘Amakihi juveniles interact between rests, which could imply periods of parental 

care; ‘Apapane juveniles look between rests which implies increased vigilance; ‘Elepaio 

and ‘I‘iwi move between rests, which could imply greater energy expenditure. 

Quantification of various food resources is another need suggested by the transition 

diagrams as well as by other parts of this study. Differences in arthropod abundance 

between open and closed forest habitats (but not KRAs) at HFNWR have been 

documented (Fretz 2000, Peck 2010). My data suggest conflicting things. Perhaps the 

KRAs have abundant arthropods at least seasonally and are thus good foraging habitat for 

adult birds, though not necessarily for juveniles. If juveniles have more difficulty foraging 
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in KRAs (whether due to lack of experience or lack of resources), fitness and 

demographic consequences could follow. 

Conclusions. I found few statistically significant differences between the KRAs 

and native forests in the behaviors I measured. Lindell (2008) suggested that differences 

in foraging rates, home range size and anti-predator vigilance might indicate differences 

in habitat quality. Of these three potential indicators, I collected data relevant to two of 

them and found a difference for only one species (of seven) in one metric (foraging rate) 

(this dissertation, Chapter 4). Two studies designed to use behavior as an index of habitat 

quality for shorebirds also failed to find differences (Brusati et al. 2001, Armitage et al. 

2007). However, Morrison et al. (2010) collected similar data in a group of frugivorous 

and insectivorous tropical passerines and found evidence for better quality foraging 

habitat in larger forest patches for all four species studied and evidence of increased 

vigilance in small patches for one of the species. 

 In spite of the lack of difference in behavior for most bird species between KRAs 

and forests in this study, I do not think my results support the conclusion that the habitats 

are equivalent. The big difference between the KRAs and native forests is that the former 

are dominated by young koa. In contrast, Hawaiian forests are generally dominated by 

!"hi!a (Metrosideros polymorpha) (Wagner et al. 1990, Mueller-Dombois and Fosberg 

1998). Two bird species missing from the KRAs at HFNWR (‘#kepa and Hawai‘i 

Creeper) predominantly forage in !"hi!a (Lepson and Freed 1997, Lepson and 

Woodworth 2001). The two species which allocated time differently between habitats in 

this study (‘I‘iwi and ‘Apapane) are nectarivores that are also known to use !"hi!a 

extensively (Ralph and Fancy 1995, Fancy and Ralph 1997, 1998, Kuntz 2008). There are 
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a few remnant large !"hi!a in all the KRAs. At Keauhou Ranch, the KRAs have a young 

cohort of !"hi!a in the understory; Scowcroft et al. (2008) predict that !"hi!a will increase 

in number and size and that the KRAs will eventually look like intact native forests. At 

HFNWR, reforestation efforts have shifted in recent years. Between 2008 and 2010, M. 

polymorpha seedlings comprised ~ 30% of the outplantings on the refuge and fruiting and 

endangered speces comprised another ~25% (this compares to less than 10% for each in 

the 1987-2007 period) (Ball 2010). Should the young !"hi!a at both sites become more 

prevalent in the KRAs, their suitability as habitat for the red birds (‘I‘iwi and ‘Apapane) 

might change.  

Three (HFNWR) or four (Keauhou) native bird species are residents in KRAs. 

‘Elepaio, ‘#ma‘o, ‘Akiap"l$‘au and ‘Amakihi occupy year-round all purpose territories 

or home ranges (Lindsey et al. 1998, VanderWerf 1998, Wakelee and Fancy 1999, Pratt 

et al. 2001), and these species were found in KRAs in all months. In the KRAs, I 

observed countersinging males (‘Amakihi), nest building (‘Amakihi and ‘Elepaio), 

feeding behaviors (all four species) and family groups (all four species). Pejchar et al. 

(2005) established that KRAs are good quality habitat for ‘Akiap"l$‘au, which maintain 

smaller home ranges with greater overlap and no reproductive cost. Assessment of the 

breeding biology and demography of the other three species is an important research 

priority. I did not measure abundance directly, but my sample sizes indicate that ‘Elepaio 

and ‘Amakihi populations could have higher densities in the KRAs than in the forest 

sites. Density is not necessarily correlated with habitat quality or preference, however 

(Van Horne 1983, Vickery et al. 1992, Winkler et al. 1995, Pidgeon et al. 2006). The 

worst case scenario is that a species prefers a lower quality habitat, i.e., an ecological trap 
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(Schlaepfer et al. 2002, Battin 2004). There is no evidence in this study to suggest that 

KRAs are lower quality habitat for any of the four species residing there, but reproductive 

success in the KRAs has only been documented for ‘Akiap!l"‘au (Pejchar et al. 2005). 

Conclusions from this study help illustrate the value of using behavioral data to 

assess restoration success. Most conservation projects could be enhanced by considering 

animal behavior (Curio 1996, Clemmons and Buchholz 1997, Sutherland 1998, Caro 

1999, Blumstein and Fernandez-Juricic 2010). My data on time allocation both 

corroborate and qualify the conclusions of long term population monitoring at HFNWR, 

adding creedence to the idea that lists of species present are not sufficient to assess 

restoration projects (Lockwood and Pimm 1999, Ruiz-Jaen and Aide 2005, Lindell 2008). 

Additionally, the analysis of behavior transitions in this study suggests that some aspects 

of juvenile behavior differ in KRAs. These differences may have fitness consequences 

and thus lessen the conservation benefits of koa forest restoration. 

Conservation of Hawaiian forest birds is complex. Volumes have been written 

(Scott et al. 1986a, Scott et al. 2001a, Pratt et al. 2009), and the most pressing issue that 

emerges is one not addressed in this study (disease). Disease notwithstanding, restoration 

of degraded forest habitats is a basic tenet of avian conservation in Hawai#i. In this study, 

I examined the conservation value to birds of forest restoration with Acacia koa . My 

conclusions are that most of the forest bird community (six of eight species) use young 

koa forests to some extent, though the KRAs are not equivalent to habitat in intact native 

forest. If the KRAs at HFNWR only provide a few arthropods in spring and perches for 

transient birds, this is an improvement over the degraded pasture that existed prior to 

refuge establishment in 1985. At Keauhou Ranch six years after clearing there were no 
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native species in the KRAs. That six species use the KRAs now is testament to their 

potential conservation value, albeit with strong caveats.  
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Table 3.1. Number of focal animal behavior sequences obtained for bird species in six study sites at Hakalau Forest NWR and 

Keauhou Ranch, Hawai‘i. Introduced species are marked with (
I
).  

 

Species   akep akip apap elep haam hacr iiwi omao jawe
I
 rble

I
 noca

I
 location total 

 

Hakalau Forest NWR: 

Corridor     0   5    13     7   77   0   15   0   66   0   11    194 

Grove      0   6     8   15   85   0   22   0   66   1 10    213 

Forest    14 10   47   33   48 29   98 15     9 11   0    314 

 

Keauhou Ranch: 

1977 KRA     0 10   82 125   69   0   28 20   19 16   5    374 

1988 KRA     0 11   61   94   72   0   26   8   20   3   0    295 

KFR      1   0 105   34   20   1   54 40   12   4   2    273 

 

Species total    15 42 316 308 371 30 243 83 192 35   28    1663 
 

Species abbreviations are as follows: akep is Loxops coccineus (Hawai‘i ‘!kepa), akip is Hemignathus munroi (‘Akiap"l#‘au), apap is 

Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), haam is Hemignathus virens (Hawai‘i ‘Amakihi), hacr 

is Oreomystis mana (Hawai‘i Creeper), iiwi is Vestiaria coccinea (‘I‘iwi), omao is Myadestes obscurus (‘$ma‘o), jawe is Zosterops 

japonicus (Japanese White-eye), rble is Leiothrix lutea (Red-billed Leiothrix), noca is Cardinalis cardinalis (Northern Cardinal). 
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Table 3.2. Native bird species present in KRAs and forest sites at Hakalau Forest NWR and Keauhou 

Ranch, Hawai‘i, July 2002 – July 2003. Shown is the percent of visits on which a species was encountered 

in a habitat. Differences in relative frequency were tested with !2; an asterisk (*) indicates values significant 

at " = 0.01. 
 

Hakalau Forest NWR:  

Species    KRAs  Forest  Yates !2  p-value 

    (n = 35)  (n = 18) 

 

Loxops coccineus        0    72      29.7  < 0.0001* 

Hemignathus munroi      31     67        4.66        0.03   

Himatione sanguinea           51    83        3.88        0.05 

Chasiempis sandwichensis         69    89        1.67        0.19 

Hemignathus virens    100   100        0.07        0.79 

Oreomystis mana          0   100      48.6   < 0.0001* 

Vestiaria coccinea          57   100        8.75         0.003* 

Myadestes obscurus          0   100        48.6    < 0.0001* 
 

Keauhou Ranch: 

Species    KRAs  Forest  Yates !2  p-value 

    (n = 38)  (n = 19) 

 

Loxops coccineus         3    42      12.0     0.0005* 

Hemignathus munroi      87    16      24.5  < 0.0001*  

Himatione sanguinea          95    95        0.396    0.53 

Chasiempis sandwichensis        95    95        0.127    0.72 

Hemignathus virens    100    95        0.127    0.72 

Oreomystis mana         16    37        2.11        0.15 

Vestiaria coccinea          90    95        0.03        0.87 

Myadestes obscurus         98   100         0.127    0.72 
 

Common names for bird species are as follows: Loxops coccineus (Hawai‘i ‘!kepa), Hemignathus munroi 

(‘Akiap"l#‘au), Himatione sanguinea (‘Apapane), Chasiempis sandwichensis (‘Elepaio), Hemignathus 

virens (Hawai‘i $Amakihi), Oreomystis mana (Hawai‘i Creeper), Vestiaria coccinea (‘I‘iwi), Myadestes 

obscurus (‘%ma‘o).   
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Table 3.3. Similarity and co-occurrence measures for bird communities in koa reforestation areas and 

reference native forest sites at Hakalau Forest NWR and Keauhou Ranch, Hawai‘i. Jaccard’s coefficient of 

similarity: Sj = (number of species common to both sites)/(total number of species in either site). Co-

occurrence is reported with a standardized effect size, ES, where effect size = (observed index – mean of 

simulated indices)/(standard deviation of simulated indices). The p-value reported is the probability that the 

observed index is greater than the simulated index in a simulation of 5000 matrices. “Native passerines” are 

the eight Hawaiian forest passerines present in the reference forests; “all passerines” include five introduced 

passerine species in addition to the eight natives; “all species” include Hawaiian hawk, Nene, barn owl, 

Kalij Pheasant as well as the passerine species. An asterisk (*) indicates that species co-occurrence in the 

two habitat types is non-random. 
 

Hakalau Forest NWR  Keauhou Ranch 

   Sj ES p  Sj ES p 

 

Native passerines 0.625 2.03 0.9  0.875 1.74 0.25 

All passerines  0.636 2.75 0.046*  0.909 0.91 0.55 

All species  0.44 3.36 0.01*  0.923 0.88 0.56 
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Table 3.4.  Results from MANCOVA and univariate analyses comparing activity budgets of bird species at 

HFNWR and Keauhou Ranch, Hawai‘i. Shown are two test statistics (Pillai’s trace (V) and the 

corresponding F), p-value for the multivariate test that activity proportions are similar across the factor. An 

asterisk (*) indicates that time allocation differs across the factor. See Figures 1-7 as well. 

Model: proportions of time (for eat, look, rest, interact, hop, fly) = location breeding loc*breed with 

sequence length as a covariate. In all cases, the covariate was highly significant and the interaction was not 

significant.  
 

Species   location   p   breeding  p 
 

‘Akiap!l"‘au1  V=0.431, F=1.42  0.18  V=0.238, F=1.565 0.19  

   n = 42      df =12, 62       df =6,30 
 

‘Apapane  V=0.158, F=2.83  0.001*  V=0.028, F=1.453 0.19  

   n = 304     df =18, 915       df =6, 303 
 

‘Elepaio   V=0.055, F=0.916 0.56  V=0.075, F=3.962 0.001*  

   n = 307     df = 18, 888       df = 6, 294 
 

‘Amakihi  V=0.079, F=1.604 0.052  V=0.025, F=1.485 0.18  

   n = 363     df = 18, 1065    df = 6, 353 
 

‘I‘iwi   V=0.138, F=1.853 0.017*  V=0.042, F=1.674 0.13  

   n = 230     df = 18, 693       df = 6, 229 
 

‘#ma‘o2   V=0.079, F=0.491 0.91  V=0.024, F=0.286 0.94  

   n = 83      df = 12, 144       df = 6, 71 
 

Japanese White-eye V=0.187, F=1.995 0.009*  V=0.065, F=2.053 0.061  

   n = 192     df = 18, 540       df = 6, 178 
 

1‘Akiap!l"‘au not observed in native forest at Keauhou Ranch. 
2 ‘#ma‘o not recorded in KRAs at HFNWR. 
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Figure 3.1. Activity budget for ‘Akiap!l"‘au (Hemignathus munroi) in three habitats at 

HFNWR and Keauhou Ranch, Hawai‘i. Total time = 6882 seconds; n = number of 

sequences at each site. The proportions of time allocated to each activity were not 

significantly different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch. 
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Figure 3.2. Activity budget for Hawai‘i !Amakihi (Hemignathus virens) in four habitats 

at HFNWR and Keauhou Ranch, Hawai‘i. Total time = 30,768 seconds; n = number of 

sequences at each site. The proportions of time allocated to each activity were not 

significantly different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.3. Activity budget for ‘!ma‘o (Myadestes obscurus) in four habitats at HFNWR 

and Keauhou Ranch, Hawai‘i. Total time = 6130 seconds; n = number of sequences at 

each site. The proportions of time allocated to each activity were not significantly 

different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.4. Activity budget for ‘Apapane (Himatione sanguinea) in four habitats at 

HFNWR and Keauhou Ranch, Hawai‘i. Total time = 20,384 seconds; n = number of 

sequences at each site. The proportions of time allocated to eating, flying and hopping 

were significantly different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.5. Activity budget for ‘I‘iwi (Vestiaria coccinea) in four habitats at HFNWR 

and Keauhou Ranch, Hawai‘i. Total time =  15,760 seconds; n = number of sequences at 

each site. The proportions of time spent eating and interacting were significantly different 

among the locations.  
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.6. Activity budget for ‘Elepaio (Chasiempis sandwichensis) in four habitats at 

HFNWR and Keauhou Ranch, Hawai‘i. Total time =  28,664 seconds; n = number of 

sequences at each site. The proportions of time allocated to each activity were not 

significantly different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.7. Activity budget for Japanese White-eye (Zosterops japonicus) in four habitats 

at HFNWR and Keauhou Ranch, Hawai‘i. Total time =  11,367 seconds; n = number of 

sequences at each site. The proportions of time allocated to eating and interacting were 

significantly different among locations. 
 

 
 

HK – koa reforestation areas at HFNWR, HF – native forest site at HFNWR, KK – koa 

reforestation areas at Keauhou Ranch, KF – native forest site at Keauhou Ranch. 
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Figure 3.8. Behavior transition diagrams for Hawai‘i !Elepaio (Chasiempis sandwichensis) in native forests and KRAs at HFNWR and Keauhou Ranch, Hawai‘i. 

Shown are transition probabilities greater than 0.10; the thickness of the line is proportional to the magnitude of the probability. Sample sizes (n = x, y) are the 

number of transitions in the diagram, and the number of individuals pooled in the sequence. Sequences with 20 or more events were included in this analysis. 
 

adults, forests   n = 419, 14 adults, KRAs   n = 1530, 43 

  
juveniles, forests     n = 138, 5 juveniles, KRAs     n = 2359, 58 
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Figure 3.9. Behavior transition diagrams for ‘Apapane (Himatione sanguinea) in native forests and KRAs at HFNWR and Keauhou Ranch, Hawai‘i. Shown are 

transition probabilities greater than 0.10; the thickness of the line is proportional to the magnitude of the probability. Sample sizes (n = x, y) are the number of 

transitions in the diagram, and the number of individuals pooled in the sequence. Sequences with 20 or more events were included in this analysis. 
 

adults, forests   n = 666, 21 adults, KRAs   n = 885, 24 

  
juveniles, forests     n = 563, 16 juveniles, KRAs     n = 540, 14 
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Figure 3.10. Behavior transition diagrams for ‘I‘iwi (Vestiaria coccinea) in native forests and KRAs at HFNWR and Keauhou Ranch, Hawai‘i. Shown are 

transition probabilities greater than 0.10; the thickness of the line is proportional to the magnitude of the probability. Sample sizes (n = x, y) are the number of 

transitions in the diagram, and the number of individuals pooled in the sequence. Sequences with 10 or more events were included in this analysis. 
 

adults, forests   n = 1794, 70 adults, KRAs   n = 695, 28 

  
juveniles, forests     n = 426, 16  juveniles, KRAs     n = 208, 12 
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Figure 3.11. Behavior transition diagrams for Hawai‘i’Amakihi (Hemignathus virens) in native forests and KRAs at HFNWR and Keauhou Ranch, Hawai‘i. 

Shown are transition probabilities greater than 0.10; the thickness of the line is proportional to the magnitude of the probability. Sample sizes (n = x, y) are the 

number of transitions in the diagram, and the number of individuals pooled in the sequence. Sequences with 10 or more events were included in this analysis. 
 

adults, forests   n = 563, 21 adults, KRAs   n = 2658, 106 

  

juveniles, forests     n = 158, 7  juveniles, KRAs     n = 1616, 60 
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CHAPTER FOUR: POPCORN! PEANUTS! ICE COLD COKE! 

Foraging birds in koa (Acacia koa) reforestation areas on Hawai‘i Island 

 

Abstract 

 

Forest bird communities in Hawai‘i have been devastated by introduced predators and 

disease, and by habitat loss and degradation. One current management response to habitat 

loss is reforestation with Acacia koa (koa), an endemic and co-dominant or canopy 

emergent tree. I assessed the foraging bird community in koa reforestation areas (KRAs) 

at two sites on Hawai‘i Island, and compared results to those from nearby, intact, native 

forest. Birds used similar microhabitat (foraging height, substrate, substrate size) in the 

KRAs and reference forest sites. Acacia koa was the predominant species used in KRAs; 

only one bird species (‘Akiap!l"‘au, Hemignathus munroi) used koa predominantly in 

native forest sites. Foraging niche breadth differed among bird species, but not among 

locations. Foraging niche overlap was highest in the structurally simplest KRAs at 

Hakalau Forest National Wildlife Refuge (HFNWR). Foraging maneuvers used by birds 

did not differ among locations. Only ‘Apapane (Himatione sanguinea) searched for or 

attacked prey at different rates in KRAs and forests. My results indicate that KRAs 

provide foraging habitat for five (HFNWR) or six (Keauhou Ranch) species of Hawaiian 

forest birds. In this respect, they likely provide a conservation benefit. ‘#ma‘o 

(Myadestes obscurus), the last remaining native frugivore in this community, is missing 

from the KRAs at HFNWR. Ongoing efforts to enhance understory development there 

may allow successful colonization by ‘#ma‘o in the future. The other two native birds not 

found foraging in the KRAs are endangered species (Loxops coccineus (Hawai$i ‘%kepa) 

and Oreomystis mana (Hawai‘i Creeper)). Their absence may indicate that koa 

reforestation alone is insufficient to benefit these species.  

 



 75 

Introduction 

Over half of the endemic Hawaiian avifauna is extinct (Scott et al. 2001b). Of 56 

extant species, 34 are listed under the Endangered Species Act of 1973 (USFWS 2010); 

five of these were not detected during a rare bird search in 1994-96 (Reynolds and 

Snetsinger 2001), and the last known individual of a sixth species died in captivity in 

2004 (Pratt et al. 2009). Hypothesized reasons for this ecological catastrophe include 

habitat degradation and loss, introduced predators, disease, and possible competition with 

introduced species (Scott et al. 2001a, Pratt et al. 2009).  

Efforts to address this decline have included designation of forest reserves, 

refuges and critical habitat; captive propagation of some species; study of disease and 

disease vectors; and management and restoration of forest habitats. Removal of invasive 

plants, fencing to exclude ungulates and mammalian predators, and eradication of these 

mammals are key elements of forest habitat restoration in Hawai‘i (Banko et al. 2001, 

Mitchell et al. 2005). Additionally, reforestation of degraded lands with Acacia koa (koa) 

holds promise for both ecological and economic benefit (Goldstein et al. 2006, Pejchar 

and Press 2006). Koa is a valuable endemic hardwood and it is a co-dominant or canopy 

emergent species in several Hawaiian forest communities (Wagner et al. 1990, Mueller-

Dombois and Fosberg 1998, Wilkinson and Elevitch 2003). There is evidence that koa 

forestry can foster native forest development on previously denuded sites (Scowcroft and 

Jeffrey 1999, Pearson and Vitousek 2001, Scowcroft et al. 2008, Baker et al. 2009). 

Efforts to increase koa acreage for ecological restoration and to create a sustainable 

forestry industry are increasing in Hawai‘i (Friday et al. 2006, Goldstein et al. 2006, 

USFWS 2006). 
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Whether koa reforestation benefits native bird communities is unknown. Baldwin 

(1953) reported five honeycreeper (Fringillidae: Drepanidini) species using Acacia koa 

parklands, noting a summer egress and fall return of ‘Apapane and ‘I‘iwi. In surveys on 

Mauna Loa, Conant (1975, 1981) found three endangered honeycreepers (Hawai‘i 

‘!kepa, ‘Akiap"l#‘au and Hawai‘i Creeper) only in Acacia-Metrosideros-Cibotium 

rainforests, and described ‘Akiap"l#‘au, Hawai‘i Creeper and Hawai$i ‘Amakihi as 

species “spending much time in koa.” The Hawaiian Forest Bird Survey (Scott et al. 

1986) estimated forest bird densities and modeled important habitat features for native 

forest birds. In addition to elevation, tree biomass, and moisture, Acacia koa was a 

significant factor in 51% of the habitat response models (Scott et al. 1986). However, at 

six months and at six years after mechanical clearing at Keauhou Ranch, young koa 

forests supported a higher abundance of non-native than native passerines and did not 

support any endangered honeycreepers (Sakai 1988). Twenty to twenty-five years after 

clearing, one endangered honeycreeper, ‘Akiap"l#‘au, existed at higher densities in the 

young koa forests than it did in intact native forest with no apparent reproductive cost 

(Pejchar et al. 2005). The benefit of these second-growth koa forests to other native bird 

species remains unclear. The native forest bird population trends in the Kulani-Keauhou 

area (Gorresen et al. 2005) indicate that most native species may be in decline there. 

Long-term population monitoring at Hakalau Forest National Wildlife Refuge (HFNWR) 

suggests that three honeycreeper species (Hawai$i ‘Amakihi, ‘I‘iwi, and ‘Apapane) have 

colonized pasture reforested in Acacia koa (Camp et al. 2010). Presence of birds during a 

census, however encouraging, does not necessarily indicate that restoration efforts have 

been successful (Lockwood and Pimm 1999, Ruiz-Jaen and Aide 2005). How animals 
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behave in restoration projects is as important as whether they are present (Clemmons and 

Buchholz 1997, Lindell 2008). 

One possible benefit to birds of koa reforestation is the provision of additional 

foraging habitat. For small passerine birds with high energy requirements, foraging is a 

primary activity. Hawaiian forest birds differ with respect to foods exploited and bill 

morphology (Banko and Banko 2009), but the remaining species on each island co-exist 

largely in high elevation, wet, montane forests where they exploit similar resources (Scott 

et al. 1986). There is evidence that the food resources available to these birds have 

changed substantially with human presence in the islands; native fruiting plants and 

probably Scotorythra spp. caterpillars have declined (Banko and Banko 2009). Whether 

and how surviving forest bird species may be food limited is unknown. There are known 

general foraging patterns among this community of birds. The two primary nectarivores 

migrate daily and seasonally in response to phenology of favored tree species, especially 

Metrosideros polymorpha (!"hi!a) (Ralph and Fancy 1995, Fancy and Ralph 1997, 1998, 

Kuntz 2008). In summer, the birds often aggregate in feeding flocks, which are composed 

primarily of the more insectivorous species (Hart and Freed 2003). These insectivores are 

known to use foraging habitat differently (Conant 1981, Fretz 2000). However, with the 

exception of the foraging preferences documented for ‘Akiap"l#‘au by Pejchar et al. 

(2005), there is little quantitative information about how birds forage in regenerating 

Acacia koa.  

This study evaluates foraging by birds in koa reforestation areas (KRAs) at two 

sites on Hawai‘i Island. I assess foraging behavior of eight native forest passerines and 
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three exotic passerines in KRAs and compare results to previously reported foraging 

dynamics in native forests.  

 

Methods 

Study sites and study species. The two study sites were described in Chapter Two 

of this dissertation. The forest bird community in the study sites was described in Chapter 

Three of this dissertation. 

Data collection. The six study areas were visited monthly or bi-monthly (during 

breeding season, December-June) between July 2002 and August 2003 for a total of 17-

19 visits per site. I collected data while walking established transects in the study areas. 

Transects were between 650 and 950 meters long; differences in transect length reflect 

constraints of dimension and shape in the KRAs. When an individual bird was 

encountered, I watched it exclusively for as long as possible, noting species, sex and age 

when possible. I did not subsequently observe a second individual of the same species 

unless I could differentiate it by sex or age class or until I had walked 50 meters from the 

first sighting (Bell et al. 1990, Fretz 2000). I recorded behaviors continuously using a 

digital voice recorder; these audio files were transcribed into JWatcher, an event 

recording and behavior analysis program (Blumstein et al. 2006). To avoid bias towards 

visually or vocally conspicuous behaviors in analyses, I ignored the first recorded 

behavior when transcribing files (Noon and Block 1990). For each bird, I also collected 

data on five habitat variables: species and height of tree or shrub where found, height off 

the ground, radial position from the center of the tree (inner, middle, outer), substrate size 

(foliage, twig (< 1 cm), small branch (1-10 cm), large branch (>10 cm)  or trunk). I 



 79 

estimated foraging heights based on the characteristics of vegetation near the bird after 

calibrating my ability to do so. For foraging attacks, the substrate at which the foraging 

attempt was made (flowers, foliage, bark, air) and the foraging attack maneuver (probe (in 

flower), glean, reach, hang, peck, hover strike, sally) were also recorded. Foraging 

maneuvers were defined as in Remsen and Robinson (1990).  

Statistical analysis. Foraging habitat and niche measures. Habitat features used 

by foraging birds were tallied into multidimensional tables and analyzed with a chi-square 

statistic. Where expected values were small, categories were collapsed or eliminated. If 

analysis indicated non-independence of variables, the tables were partitioned until the 

source of non-independence could be determined (Zar 1999). Because of multiple empty 

cells (e.g., ‘Akiap!l"‘au rarely forage on  flowers) and structural zeroes  in the tables 

(e.g., at Hakalau corridor, there was only one substrate species (koa)), and because of the 

number of tests, I used these results for descriptive purposes only. The data are presented 

in tables. Differences in foraging height among species and locations were analyzed using 

a general linear model and post-hoc comparisons. 

I quantified foraging niche breadth of passerine species in the study sites with 

Levin’s measure of niche breadth, 

! 

B =1 p j

2" , where pj is the proportion of individuals 

using resource state j. Levin’s measure was calculated from the multi-dimensional habitat 

tables and standardized so values range from zero to one, where a higher value indicates 

greater breadth, or more equal use of all resources. Levin’s standardized niche breadth 

(Hurlbert 1978) is  

! 

B
A

= (B "1) (n "1), where B is Levin’s measure of niche breadth and 

n is the number of possible resource states j.  
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I calculated Pianka’s measure of niche overlap: 

! 

Ojk =

pij pik
1

n

"

pij
2

pik
2

1

n

"
1

n

"
, the niche 

overlap between species j and species k. In this index, pij is the proportion resource i is of 

the total resources used by species j, pik is the proportion resource i is of the total 

resources used by species k, and n is the total number of resource states (Krebs 1999).  

Pairwise overlap for all species in all habitats was calculated.  

Because breadth and overlap are indices which do not account for potential 

sampling variability, I tested for differences among species (in breadth) or species pairs 

(in overlap) using general linear models. In these models, the six study sites provide 

replicates for each index. Differences among species or species pairs were tested with 

post-hoc comparisons. Breadth and overlap were also compared across locations. 

Foraging effort. To determine whether birds have different foraging opportunities 

in the KRAs and the forest sites, I used the recorded behavior sequences to calculate an 

attack rate for each individual. An attack was defined as any maneuver by a bird that 

could result in obtaining food. I was often unable to tell whether a bird was successful in 

a foraging maneuver, but I consider the rate of attacks to be an index of foraging 

opportunity (Robinson and Holmes 1984, Holmes and Recher 1986b, a). I used the mean 

attack rate for each species to compare habitats (study sites) and age and sex classes 

where known using analysis of variance. I also calculated rates for hops and flights for all 

birds observed foraging. Higher rates of hopping or flying might indicate that birds were 

foraging in a more energetically costly manner. Thus, I consider these rates as indices of 

search effort. Because hop and flight rates are likely to be correlated, I used these as 
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dependent variables in a multivariate analysis of variance (MANOVA) for each species 

for which there was sufficient sample size. Location (study site), age or sex were 

explanatory variables. Interactions were included in the model when sample sizes were 

sufficient. Models with age and sex were analyzed separately because it is not possible to 

determine sex of juvenile birds. When MANOVA results indicated differences, I 

analyzed the source of those differences with post hoc univariate tests.  

Foraging maneuvers were also compared across species and locations. Because 

different maneuvers may have different energetic costs, I used the recorded behavior 

sequences to obtain the total number of perching (glean, reach or probe), active-searching 

(hang, peck) or aerial (hover strike or sally) maneuvers for each individual. These were 

compared across species and locations using analysis of variance and post hoc tests. 

 

Results 

I obtained 866 unique foraging observations of 11 bird species (Table 4.1). Of 

these, 781 were native species, 559 were in KRAs and 307 were in forest sites.  

Foraging habitat. Foraging bird use of tree and shrub species was different among 

locations (Table 4.2). Acacia koa is the predominant species used in all four KRAs with 

two exceptions: ‘I‘iwi forage on naio (Myoporum sandwicense) and ‘!ma‘o forage on 

olapa (Cheirodendron trigynum) greater than 60% of the time in the 1977 KRA. In the 

forest sites, only ‘Akiap"l#‘au use koa predominantly; the dominant tree Metrosideros 

polymorpha ($"hi$a) is the primary foraging substrate for most bird species.  

‘Apapane foraged in the perimeter of trees more than 60% of the time in all six 

locations. ‘I‘iwi and Japanese White-eye foraged more in the perimeter of trees in five of 
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the six locations. ‘Akiap!l"‘au and ‘Elepaio predominantly foraged in the interior or 

middle of trees. ‘Amakihi foraged in the perimeters of trees in the two reference native 

forest sites, but in the interior and middle of trees in the KRAs.  

Bird species differed in the substrates from which they forage. ‘Apapane and 

‘I‘iwi foraged in flowers where they were available, though flowers comprised less than 

50% of their foraging substrates in the intact forest at HFNWR. ‘Akiap!l"‘au and Hawai‘i 

Creeper foraged almost exclusively on bark. In the KRAs, Japanese White-eye and 

‘Amakihi also used bark predominantly. ‘#ma‘o foraged on fruit where it was available, 

though most foraging attempts were made on bark in three of four locations where 

‘#ma‘o were present. ‘Amakihi and Japanese White-eye also foraged on fruit or flux 

from koa wilt (Fusarium oxysporum). ‘Elepaio take prey from the air often and more than 

any other species, though their use of air exceeded 50% only in the corridor at HFNWR.  

Birds also forage on substrates of different sizes. Those species foraging in the 

perimeter of trees (‘Apapane, ‘I‘iwi, ‘Amakihi in the forest sites) used the smallest 

substrates (e.g., foliage, twigs). ‘Akiap!l"‘au, ‘Elepaio and ‘#ma‘o used branches less 

than 10 cm in diameter. Only in the forest site at HFNWR were branches greater than 10 

cm used commonly. 

Foraging heights differ among locations (F5.810=81.41, p<0.001) and species 

(F8,810=22.22, p<0.0010) (Table 4.3). Differences among locations mirror forest structure 

differences documented in chapter two of this dissertation. Differences among species are 

attributable primarily to ‘Apapane, which forage in the tops of trees, and ‘Elepaio, which 

forage in the mid- and understory in all locations. 
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Foraging niche breadth. Foraging niche breadth (BA) varies among species 

(F10,30=8.38, p=0.0001), but not among locations (F5,30=1.63, p=0.18). ‘Elepaio and 

‘Amakihi have mean breadths (BA=0.180 and BA=0.163 respectively) greater than 

‘Akiap!l"‘au (BA=0.026), ‘Apapane (BA=0.064), ‘#ma‘o (BA=0.057), Japanese White-eye 

(BA=0.080), and Red-billed Leiothrix (BA=0.026). ‘Elepaio mean breadth is greater than 

‘I‘iwi as well (Table 4.4a, Figure 4.1a). Because breadth for Hawai$i ‘%kepa (BA=0.032) 

and Hawai‘i Creeper (BA=0.014) was measured at only one location, the error (derived 

from pooled variance) associated with their means is too great to differentiate these 

statistically from the other species in spite of their very low breadth values.  

Foraging niche breadths were widest in the 1977 KRA for all species foraging 

there except ‘Apapane (Table 4.4(a), Figure 4.1(b)). ‘Elepaio and ‘Amakihi have the 

greatest niche breadths in all study sites. ‘Akiap!l"‘au, an endangered species with very 

specialized foraging technique, has the narrowest breadth in four of the five sites where 

observed. I only observed endangered ‘%kepa and Hawai‘i Creeper foraging in the intact 

forest at Hakalau: here I calculated narrow niche breadths reflecting the specialized 

foraging patterns of both species.  

As an alternative to a calculated index, I also report the number of frequently used 

resources for each species in each location (Table 4.4(b)). A resource in this instance is a 

unique combination of habitat variables comprising species of tree or shrub, radial 

position in tree, and foraging substrate. Patterns are similar for bird species: ‘Amakihi and 

‘Elepaio use the greatest number of resources (mean 8.0 and 7.2 respectively), ‘I‘iwi is 

intermediate (5.7), and ‘%kepa and ‘Akiap!l"‘au use the fewest (3.0). These differences 

are statistically significant (F10,30=5.94, p=0.0001). Birds use a greater number of resource 
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combinations in K!lauea Forest Reserve (KFR) and the 1977 KRA, and use fewer in the 

KRAs at HFNWR (F5,30=6.86, p=0.0002). 

Foraging niche overlap. Overlap in foraging habitat is greatest among species that 

forage in the perimeter of trees in foliage and flowers, or those that forage in the interior 

and middle of trees on bark (Figure 4.2, Table 4.5).  These patterns are similar across 

habitats except for the forest site at HFNWR where ‘Akiap"l#‘au do not overlap strongly 

with any other species. ‘Amakihi, which have the second broadest foraging niche after 

‘Elepaio (BA=0.163) and the highest number of frequently used resources (8.0), also 

overlap strongly with the most other species (5). Species pairs with low overlap include 

‘Apapane-’$ma‘o, ‘$ma‘o-Creeper, ‘$ma‘o-’I‘iwi, ‘I‘iwi-’Akiap"l#‘au. Overlap values 

calculated for the introduced species red-billed leiothrix or northern cardinal paired with 

native species were low as well, though these were calculated in fewer than half the sites. 

The endangered native species ‘%kepa and Hawai‘i Creeper were only observed foraging 

a few times (n=4 and n=19 respectively) and only in one location (HFNWR). Therefore 

both breadth and overlap values calculated for these species may be biased. Neither of 

these species overlaps strongly with any others: this is consistent with their known 

specialized foraging patterns.  

Overlap also differed among locations (F5,140=5.50, p=0.0001). Mean overlap was 

greatest in the grove and corridor sites (x=0.501 ± 0.07 (mean ± standard error) and 

x=0.457 ± 0.07 respectively), and least in the forest site at Hakalau and the 1977 KRA 

(x=0.186 ± 0.05 and x=0.201 ± 0.05).  

Foraging maneuver. Bird species differ in foraging maneuvers used (Table 

4.6(a)). Probing flowers for nectar or insects is employed primarily by ‘Apapane and 
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‘I‘iwi (28% and 35% of first foraging maneuvers respectively). Pecking bark to reveal 

insects was the primary foraging method of ‘Akiap!l"‘au (79%). Aerial maneuvers were 

used 43% of the time by ‘Elepaio and 23% of the time by ‘#ma‘o.  ‘Amakihi, Hawai‘i 

Creeper and ‘I‘iwi were also seen sallying or hovering, though less than 10% of the time. 

Species that gleaned or reached for nearby prey greater than half the time were ‘$kepa 

(100%), ‘#ma‘o (72%), Japanese White-eye (72%) and ‘Apapane (59%). These patterns 

were consistent with those obtained from recorded sequences with multiple foraging 

attempts (Table 4.6b). In these foraging sequences, one ‘Elepaio used five different 

foraging maneuvers. Sequences with four different foraging maneuvers were recorded for 

‘Apapane, ‘Amakihi, Hawai‘i Creeper, ‘I‘iwi and Japanese White-eye. Species using two 

or fewer maneuvers in all foraging sequences were ‘$kepa and ‘#ma‘o (Table 4.6(c)). 

‘Elepaio and Hawai‘i Creeper used the greatest number of foraging maneuvers per 

individual in recorded sequences (1.77 ± 0.06 (mean ± standard error) and 1.89 ± 0.24); 

‘#ma‘o used fewest (1.17 ± 0.09). The mean number of maneuvers used by each species 

is significantly different (F9,,730=3.64, p=0.001). 

Use of perching maneuvers (glean, reach or probe) was different among species 

and locations (F6,816=4.7 and F5,816=2.48, p<0.001 and p=0.03 respectively). Specifically, 

birds used perching maneuvers more in KFR and less in the grove at HFNWR (Tukey’s 

HSD post hoc). Use of active-searching maneuvers (hang or peck) and aerial maneuvers 

(hover strike or sally) were different among species (F11,816=50.35, p=0.0001 and 

F11,816=31.70, p=0.0001), but not among locations (F5,816=0.37, p=0.87 and F5,816=0.74, 

p=0.59). 
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Foraging effort.  ‘Apapane attack prey at different rates in different habitats 

(F11,141= 3.17, p=0.0007) (Table 4.7). Juvenile ‘Apapane make fewer attacks per minute 

than adult birds and there is an interaction between age and location: juveniles attack less 

often in the KRAs at Keauhou Ranch, but more often than adults in the corridor at 

HFNWR and KFR. No other species differed in attack rate among study areas.  

‘Apapane search rate also differs among locations (Wilk’s !=0.905, F10,628=3.20, 

p<0.001) (Table 4.7). There were no other significant differences in search effort among 

locations for any species. Analyses suggested the possibility of higher search rates (more 

hops or flights per minute) among locations for two other species. ‘Amakihi juveniles 

may hop more and fly less in KRAs than in forest sites (p = 0.085). ‘Akiap!l"‘au may fly 

more in KRAs (p=0.085). Finally, there is a suggestion of an interaction between age and 

location in search effort for ‘Elepaio (Table 4.7). None of these were significant at 

"=0.05.  

Bird species differ from one another in attack rate (F10,794=9.21, p=0.0001), hop 

rate (F10,794=3.42, p=0.0002) and flight rate (F10.794=3.91, p=0.0001). Mean rates and 

Tukeys HSD groups are shown in Table 4.7. 

 

Discussion 

Foraging habitat and niche measures. The key finding in this study is that KRAs 

provide foraging habitat for five (HFNWR) or six (Keauhou Ranch) species of endemic 

forest birds. Birds forage predominantly on koa in all four KRAs considered here. The 

bird species foraging in the KRAs largely exploit the same microhabitat (foraging 

substrate, radial position in trees, substrate size and relative height) as they do in native 
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forest sites (Fancy and Ralph 1997, Lepson and Freed 1997, Fancy and Ralph 1998, 

Lindsey et al. 1998, VanderWerf 1998, Wakelee and Fancy 1999, Fretz 2000, Lepson and 

Woodworth 2001, Pratt et al. 2001). The notable exception is ‘Amakihi, a generalist, 

which feeds predominantly in perimeter flowers and foliage in forest sites, but on interior 

bark in the KRAs. Large (>10 cm) branches are used more at HFNWR, but this effect is 

magnified by observations of Hawai‘i Creeper, which were not observed foraging in any 

other locations. In all locations, ‘Apapane foraged in tree tops, ‘Elepaio used mid- and 

understory, and other species were more evenly distributed. Differences noted (e.g., in 

foraging heights or A. koa use) mirror differences in vegetation structure among these 

sites (this dissertation, Chapter 2). Other studies have concluded that increased structural 

complexity is correlated with increased species diversity and abundance of birds in forests 

(MacArthur and MacArthur 1961, Roth 1976, Robinson and Holmes 1984, Wiens 1989, 

Freifeld 1999) and plantations (Farley et al. 1994, Thiollay 1995, Lopez and Moro 1997, 

Calvo and Blake 1998). In a recent meta-analysis, Najera and Simonetti (2009) concluded 

that bird species richness and abundance across taxonomic and dietary groups was higher 

in structurally complex plantations than in simpler ones. In this study, the more 

structurally complex KRAs at Keauhou Ranch had one foraging species (‘!ma‘o) not 

found in the KRAs at HFNWR. In addition, frequency of occurrence for all species 

except ‘Amakihi was higher in the KRAs at Keauhou than those at HFNWR (this 

dissertation, Chapter 3). 

 Indices of foraging niche breadth and overlap such as those reported here reflect 

use of those resources the researcher can perceive and quantify. We cannot actually know 

what cues are used by these forest birds. Therefore, interpretation of these indices must 
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proceed with caution. Several points are worth mentioning. First, patterns in breadth and 

overlap in this study are consistent across all six locations (or across all locations where a 

species was encountered). That is, species that are broad in niche, and that overlap 

strongly with other species, do so in all locations. ‘Amakihi and ‘Elepaio, and to a lesser 

extent Japanese White-eye and ‘I‘iwi, are broad in their foraging niche and they also have 

high overlap with one or more other species. Hawai‘i Creeper and ‘!kepa (two of the 

three endangered honeycreepers) have narrower niche foraging breadths and less overlap. 

The third endangered honeycreeper, ‘Akiap"l#‘au, has a narrow niche breadth and a very 

specialized foraging technique, but it overlaps strongly with ‘Amakihi and ‘Elepaio in the 

structurally simple KRAs, where all are common. The expectation that niches would be 

broader in the simpler KRAs (where there are presumably fewer resources) was not 

validated. All species except ‘Apapane and ‘Amakihi were broadest in a KRA (1977) as 

might have been expected, but all species except ‘I‘iwi were also narrowest in a KRA 

(Table 4a). This result may reflect the presence of foraging resources in a dimension not 

measured. For example, the young koa forests may harbor large numbers of wood boring 

beetles (Cerambycidae) (Goldsmith et al. 2007), which are a favorite of ‘Akiap"l#‘au 

(Pratt et al. 2001, Banko and Banko 2009), or they might host outbreaks of other easily 

exploited arthropods.   

Overlap in foraging niche among bird species reflects two main patterns. First, 

there is high overlap among the species which forage in the perimeters of trees on flowers 

or foliage: ‘Apapane, ‘Amakihi, ‘I‘iwi and Japanese White-eye. This is consistent with 

studies by Conant (1975, 1981), Pimm and Pimm (1982), and Ralph and Noon (1988). 

Additionally, there is high overlap among ‘Akiap"l#‘au, ‘Elepaio and ‘Amakihi, largely 
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because they forage extensively on bark in the middle and interior of trees in the KRAs. 

In a study of the insectivores at HFNWR, Fretz (2000) also found high overlap between 

‘Elepaio and ‘Amakihi. ‘Akiap!l"‘au do not overlap strongly with other species in the 

forest site at Hakalau (Fretz 2000 and current study). These results suggest that ‘Amakihi 

and ‘Akiap!l"‘au in the KRAs exploit different food resources, or exploit them 

differently, than they do in the intact forests. My impression of the birds in the KRAs was 

that they foraged differently: ‘Akiap!l"‘au peck and search methodically on branches, 

‘Amakihi glean and hang from interior foliage and twigs, and ‘Elepaio fly in pursuit of 

prey. So while they overlap strongly in dimensions of interior understory koa bark, they 

separate in foraging maneuver. The observation that foraging by these three species 

differs in the KRAs and forest habitats is consistent with the hypothesis that vegetation 

structure affects foraging opportunities (Robinson and Holmes 1984, Holmes and Recher 

1986b, a). 

Species are expected to specialize when resources are abundant or different 

(Wiens 1989, Recher 1990). The lower overlap values noted in the structurally more 

complex forest sites and 1977 KRA may reflect that phenomenon. Overlap among species 

in this study was highest in the KRAs, which is consistent with theory that predicts higher 

overlap when the range or abundance of resources is smaller (reviewed in Wiens 1989).  

Foraging activity in the KRAs and forest sites mirrors results from the vegetation 

study completed in these locations (this dissertation, Chapter 2). Specifically, foraging 

locations, breadths, and overlap are most similar between the 1977 KRA and the native 

forest at Hakalau. These two sites were most similar in plant species richness, seedling 

and sapling densities, and structural profiles. Birds had a higher number of frequently 
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used resources in the forest at Keauhou (KFR), where vegetation is most complex and 

(possibly) least altered. The corridor and grove at HFNWR are quite dissimilar in 

vegetation analyses from the other sites; fewer bird species and fewer individuals were 

recorded here, overlap values were high, and the percentage of introduced bird species 

encountered was greater. 

Foraging effort.  I found few differences between the KRAs and native forest sites 

in indices of foraging effort or opportunity. ‘Apapane attack rate in the simple KRAs at 

HFNWR exceeded those in the KRAs and KFR at Keauhou. This may be due to the 

availability of numerous small arthropods during outbreaks, or it may be due to 

differences in how foraging maneuvers of glean and probe are recorded. For example, 

either insect handling time or nectar harvesting time may be less in koa than nectar 

harvesting time in !"hi!a, resulting in a higher attack rate in the KRAs. Another measure 

of foraging effort is the type of maneuver used to obtain food. In this study, perching 

maneuvers (glean, reach, probe) were more common in one forest habitat (KFR) than in 

the KRAs. However, there was no evidence that more energetic foraging maneuvers were 

more common in either habitat type. 

 That I did not see many differences may indicate that these species have 

somewhat stereotypical foraging patterns. It may also reflect similarities in food 

availability or vegetation structure between KRAs and forest sites. Another hypothesis is 

that intraspecific variation between sexes or among individuals may be great enough to 

mask inter-habitat differences (Hanowski and Niemi 1990, McKean 1990, Recher and 

Holmes 2000). This hypothesis was tested for ‘Elepaio by VanderWerf (1994), who 

found differences in attack and search maneuvers between adults and juveniles, between 
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habitat types, and among individuals. I did not see such strong results. The analyses 

shown in Table 7 suggest a possible interaction between age and location for ‘Elepaio. 

When data were re-analyzed with two locations (KRA or forest) instead of six, the 

interaction is significant: juveniles hop more often and fly less often in koa sites, and hop 

less and fly more in forest sites. Future investigations of intraspecific foraging variation 

for other species may lead to different conclusions from those reported in this study. 

Several authors have suggested that Japanese White-eye have negative 

competitive effects on Hawaiian forest birds (Conant 1981, Scott et al. 1986a, Ralph and 

Noon 1988, Freed et al. 2008, Freed and Cann 2009). Among the resource dimensions 

measured in this study, Japanese White-eye overlap most strongly with ‘Apapane, ‘I‘iwi 

and ‘Amakihi. That is, they seem to be more closely associated with the nectarivores. In 

the KRAs at HFNWR, Japanese White-eye were abundant and frequently seen in small 

flocks with ‘Amakihi. Data collection for this study was complete before Freed et al. 

(2008)  suggested that Japanese White-eye may compete with ‘!kepa for food. As my 

primary goal was to ascertain differences between KRAs and intact forests in foraging 

bird use, and ‘!kepa are absent or rare in the KRAs, I did not concentrate on obtaining 

foraging observations for ‘!kepa. The few that I did obtain are consistent with others: 

‘!kepa forage primarily on foliage at the perimeter of "#hi"a trees (Lepson and Freed 

1997, Fretz 2000, Banko and Banko 2009). Both in the forest sites only (n=10) and in all 

sites combined (n=69), Japanese White-eye foraged about 40% of the time on foliage, and 

about 70% of the time in the perimeter of trees. Sixty percent of their foraging attempts 

were on substrates other than foliage – all but three of these (n=38) were bark. Japanese 

White-eye are widespread and intermediate in breadth among birds in this community in 
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their foraging niche (B
A
= 0.080 ). In this study, however, that foraging niche overlapped 

little with the niche of ‘!kepa.  

This study was designed to describe use of KRAs by foraging birds. I chose to 

describe microhabitat use as a proxy for resources; a foraging substrate or a foraging 

height is not a resource used by birds. However, substrates and heights are likely indirect 

measures of resources that are used. I did not quantify food abundance directly so I 

cannot speak about potential limiting resources for competition for any of these species. 

Without accurate determination of a limiting resource, any discussion of competition is 

speculative. 

Recent analysis of long-term population monitoring indicates that three native 

species (‘I‘iwi, ‘Apapane and ‘Amakihi) have colonized the KRAs at HFNWR (Camp et 

al. 2009, 2010). My results both confirm and qualify this. I did observe all three species 

foraging in the KRAs. However, I observed few ‘Apapane and ‘I‘iwi outside of breeding 

season. This is consistent with the observation that these species track seasonal nectar 

resources (Ralph and Fancy 1995, Kuntz 2008), though their foraging in the KRAs 

appeared to be primarily for arthropods. My results suggest ‘I‘iwi and ‘Apapane exploit 

foraging resources in the KRAs, especially during breeding season. Whether these species 

can successfully nest in the KRAs was beyond the scope of this study. Additionally, there 

were resident ‘Elepaio in the KRAs at HFNWR. ‘Elepaio maintain year round territories 

(VanderWerf 1998) and I heard or saw ‘Elepaio on most visits to the KRAs (69%).  

‘Elepaio detections in population monitoring surveys analyzed by Camp et al. (2009) 

were too few to model densities. VanderWerf (1993, 1994) found that ‘Elepaio maintain 
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larger territories and use more energetic foraging maneuvers in disturbed habitat. Whether 

this is indicative of an ecological trap for ‘Elepaio in the KRAs is unknown. 

At Keauhou Ranch, there is evidence for decline in frequency of occurrence for 

‘Elepaio, ‘Akiap!l"‘au, ‘#ma‘o, ‘I‘iwi and Hawai‘i Creeper, and for declines in density 

of the latter three (Gorresen et al. 2005). I observed ‘Elepaio and ‘Akiap!l"‘au in the 

KRAs on nearly all trips to Keauhou Ranch (95% and 87% in KRAs compared to 95% 

and 16% in KFR). Pejchar (2005) established that the KRAs are beneficial to 

‘Akiap!l"‘au, but whether the KRAs at Keauhou function similarly for ‘Elepaio and 

‘Amakihi is unknown. I observed more individual ‘Elepaio, ‘Amakihi and ‘Akiap!l"‘au 

in the KRAs than in Kilauea Forest Reserve.  $Amakihi is one of two species in the 

Keauhou-Kulani area that appears to be increasing in density (Gorresen et al. 2005).  

Hawai‘i $Amakihi are common in the KRAs at both study sites and are the only 

native species common below 4000 feet (Gorresen et al. 2005). They are abundant and 

increasing in range (Spiegel et al. 2006). I did not identify individual birds, but I observed 

adults of both sexes and juveniles in all the KRAs. I also observed countersinging males, 

feeding, birds with nest materials, fledglings, and other behaviors indicative of 

reproductive activity in the KRAs. My results and observations indicate that ‘Amakihi are 

broad in their foraging niche and versatile in foraging maneuver. This may be indicative 

of an ecological plasticity that will enable them to colonize new habitats and survive in a 

changing environment (Greenberg 1990).  

Results from this study support the conclusions from a vegetation study of the 

same six sites. The conclusion, with caveats, was that KRAs may grow to resemble native 

forests in some aspects of vegetation structure and diversity (this dissertation, Chapter 2). 
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In particular, the 1977 KRA at Keauhou Ranch was similar to the forest site at HFNWR, 

and, to a lesser degree, to KFR at Keauhou Ranch. Foraging patterns among species in 

this bird community are also most similar between the 1977 KRA and the forest site at 

HFNWR. Birds use the same microhabitats in KRAs and forests and, except for 

‘Apapane, they appear to forage with similar effort and opportunity in the different 

habitats. This result is certainly encouraging to managers or landowners using or 

considering koa forestry as a restoration or sustainable forestry tool. As foraging habitat 

for native forest birds, KRAs may assist in conservation of this threatened bird 

community.  

However, the differences between KRAs and forests may be equally important. 

The only native frugivore in this community, ‘!ma‘o, is absent from the KRAs at 

HFNWR. Ongoing efforts to increase diversity by outplanting fruiting understory species 

in the KRAs may result in ‘!ma‘o colonization there (Ball 2010). It is likely that the 

introduced passerines, Northern Cardinal and Red-billed Leiothrix, disperse seeds of 

understory plants in these high elevation sites (Foster and Robinson 2007), though in 

another study, these exotic bird species only dispersed invasive alien plant species 

(Garrison 2003). Additionally, the two species not seen foraging in the KRAs are 

endangered honeycreepers. Juveniles of Hawai‘i Creeper were heard in the 1977 KRA 

and a single female Hawai"i ‘#kepa was seen foraging in a small "$hi"a at the edge of the 

1988 KRA. However, no evidence collected in this study suggests that KRAs are foraging 

habitat for these species. Perhaps the distances between core habitat and the KRAs are too 

great or the spaces between too open for these species to exploit the koa. Or perhaps they 

are too specialized in their foraging preferences – ‘#kepa for "$hi"a foliage and Creeper 
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for !"hi!a bark – to be enticed by foraging opportunities in Acacia koa. Either way, their 

absence is a cautionary note. 
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Table 4.1. Number of foraging observations obtained for bird species in six study sites at Hakalau Forest NWR and Keauhou Ranch, Hawai‘i. Introduced species 

are indicated with superscript (I). 
 

Species   akep akip apap elep haam hacr iiwi omao jaweI rbleI nocaI location total 

 

Hakalau Forest NWR: 

Corridor  0 4   6   7 43   0 11 0 24 0   3      98 

Grove   0 4   3 11 62   0 10 0 24 0 4    118 

Forest   4 8 32 22 18 19 56 4   3 2 0    168 

 

Keauhou Ranch: 

1977 KRA  0 10 36 77 40 0 11 6 8 5 0    193 

1988 KRA  0   8 21 67 40 0   7 2 3 2 0    150 

KFR   0   0 56 19 12 0 36 9 7 0 0    139 

 

Species total  4 34 154 203 215 19 131 21 69 9  7    866 
 

Species abbreviations are as follows: akep is Loxops coccineus (Hawai‘i ‘!kepa), akip is Hemignathus munroi (‘Akiap"l#‘au), apap is Himatione sanguinea 

(‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), haam is Hemignathus virens (Hawai‘i ‘Amakihi), hacr is Oreomystis mana (Hawai‘i Creeper), iiwi is 

Vestiaria coccinea (‘I‘iwi), omao is Myadestes obscurus (‘$ma‘o), jawe is Zosterops japonicus (Japanese White-eye), rble is Leiothrix lutea (Red-billed 

Leiothrix), noca is Cardinalis cardinalis (Northern Cardinal). 
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Table 4.2. Percent use by foraging birds of four habitat variables: substrate species (levels are koa, !"hi!a, 

naio, olapa and other), radial position in tree or shrub (levels are inner, middle, perimeter), substrate type 

(levels are flower, foliage, bark, air, fruit/flux), substrate size (levels are foliage, twig, branch 0.5” – 4”, 

branch > 4”). Greater than 50% use is indicated in bold. Tables are (a) corridor, HFNWR, (b) grove, 

HFNWR, (c) forest site, HFNWR, (d) K#lauea Forest Reserve, Keauhou Ranch, (e) 1977 KRA, Keauhou 

Ranch, (f) 1988 KRA, Keauhou Ranch. 
 

(a) Hakalau corridor 

   akip apap elep haam iiwi jawe 

(n)   (4) (6) (7) (43) (11) (24) 

substrate species       

   koa   100.0 100.0 100.0 100.0 100.0 95.8 

  other   0.0 0.0 0.0 0.0 0.0 4.2 

radial         

  inner   0.0 0.0 42.9 11.6 0.0 4.2 

  middle  100.0 33.3 57.1 44.2 18.2 16.7 

  perimeter  0.0 66.7 0.0 44.2 81.8 79.2 

substrate type        

   flower  0.0 0.0 0.0 0.0 0.0 0.0 

   foliage  0.0 100.0 0.0 58.1 72.7 45.8 

   bark   100.0 0.0 42.9 39.5 18.1 54.2 

   air   0.0 0.0 57.1 2.3 9.1 0.0 

substrate size        

   foliage  0.0 100.0 0.0 58.1 80.0 45.8 

   twig   0.0 0.0 14.3 20.9 10.0 33.3 

   0.5" - 4"  100.0 0.0 85.7 20.9 10.0 20.8 

 (b) Hakalau grove 

   akip apap elep haam iiwi jawe 

   (n)   (4) (3) (11) (62) (10) (24) 

substrate species       

  koa   100.0 100.0 90.9 93.6 100.0 91.7 

!"hi!a   0.0 0.0 9.1 3.2 0.0 0.0 

  other   0.0 0.0 0.0 3.2 0.0 8.3 

radial         

  inner   50.0 0.0 45.5 31.2 0.0 12.5 

  middle  50.0 0.0 36.4 27.9 22.2 25.0 

  perimeter  0.0 100.0 18.2 41.0 77.8 62.5 

substrate type        

   flower  0.0 33.3 0.0 3.2 0.0 0.0 

   foliage  0.0 33.3 9.1 45.2 60.0 33.3 

   bark   100.0 33.3 63.6 51.6 40.0 62.5 

   air   0.0 0.0 27.3 0.0 0.0 0.0 

   fruit/flux  0.0 0.0 0.0 0.0 0.0 4.2 

substrate size        

   foliage  0.0 66.7 9.1 47.5 60.0 33.3 

   twig   0.0 33.3 54.6 37.7 30.0 50.0 

   0.5" - 4"  100.0 0.0 36.4 9.8 10.0 8.3 

   > 4"   0.0 0.0 0.0 4.9 0.0 8.3 
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Table 4.2, page two. Forest sites at HFNWR and Keauhou Ranch. 

(c) Hakalau forest, HFNWR 

  akep akip apap elep haam hcre iiwi omao jawe 

   (n)  (4) (8) (32) (22) (18) (19) (56) (4) (3) 

substrate species         

 koa  0.0 75.0 21.9 13.6 27.8 0.0 1.8 25.0 33.3 

!"hi!a  100.0 25.0 78.1 77.3 55.6 94.7 85.7 25.0 33.3 

 olapa  0.0 0.0 0.0 0.0 5.6 5.3 5.4 0.0 33.3 

 other  0.0 0.0 0.0 9.1 11.1 0.0 7.1 50.0 0.0 

radial           

  inner  50.0 0.0 3.1 19.1 11.1 79.0 3.7 25.0 0.0 

  middle 0.0 50.0 9.4 23.8 22.2 5.3 20.4 25.0 33.3 

  perimeter 50.0 50.0 87.5 57.1 66.7 15.8 75.9 50.0 66.7 

substratetype          

   flower 0.0 0.0 43.8 0.0 22.2 0.0 46.4 0.0 0.0 

   foliage 75.0 0.0 37.5 27.3 50.0 0.0 25.0 0.0 33.3 

   bark  25.0 100.0 18.8 27.3 22.2 94.7 28.6 50.0 66.7 

   air  0.0 0.0 0.0 45.5 0.0 5.3 0.0 25.0 0.0 

   fruit  0.0 0.0 0.0 0.0 5.6 0.0 0.0 25.0 0.0 

substrate size          

   foliage 75.0 0.0 65.6 40.9 72.2 0.0 66.1 25.0 33.3 

   twig  25.0 12.5 9.4 22.7 11.1 26.3 17.9 25.0 33.3 

   0.5" - 4" 0.0 75.0 21.9 22.7 11.1 36.8 12.5 50.0 33.3 

   > 4"  0.0 12.5 3.1 13.6 5.6 36.8 3.6 0.0 0.0 

(d) K!lauea forest reserve, Keauhou Ranch 

   apap elep haam iiwi omao jawe 

(n)   (56) (19) (12) (36) (9) (7) 

substrate species       

 koa   5.4 0.0 8.3 0.0 0.0 0.0 

!"hi!a   89.3 47.4 58.3 75.0 33.3 71.4 

 olapa   5.4 10.5 8.3 13.9 55.6 14.3 

 other   0.0 42.1 25.0 11.1 11.1 14.3 

radial         

 inner   3.7 21.1 16.7 2.8 0.0 0.0 

 middle  24.1 52.6 25.0 19.4 77.8 14.3 

 perimeter  72.2 26.3 58.3 77.8 22.2 85.7 

Substratetype        

   flower  62.5 0.0 41.7 52.8 0.0 28.6 

   foliage  21.4 21.1 33.3 30.6 11.1 42.9 

   bark   16.1 42.1 16.7 16.7 77.8 28.6 

   air   0.0 36.8 0.0 0.0 0.0 0.0 

   fruit   0.0 0.0 8.3 0.0 11.1 0.0 

substrate size        

   foliage  69.6 31.6 66.7 75.0 11.1 42.9 

   twig   17.9 31.6 16.7 13.9 55.6 57.1 

   0.5" - 4"  12.5 31.6 8.3 11.1 33.3 0.0 

   > 4"   0.0 5.4 8.3 0.0 0.0 0.0 
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Table 4.2, page 3. 1977 KRA and 1988 KRA, Keauhou Ranch. 
 

(e) 1977 KRA, Keauhou Ranch 

   akip apap elep haam iiwi omao jawe 

   (n)   (10) (36) (77) (40) (11) (6) (8) 

substrate species        

  koa   90.0 86.1 55.8 67.5 18.2 0.0 37.5 

!"hi!a   0.0 5.6 5.2 2.5 9.1 0.0 12.5 

  naio   10.0 5.6 28.6 22.5 63.6 33.3 37.5 

  other   0.0 2.8 10.4 7.5 9.1 66.7 12.5 

radial          

  inner   44.4 0.0 36.4 32.5 9.1 0.0 25.0 

  middle  44.4 25.0 39.0 32.5 36.4 50.0 37.5 

  perimeter  11.1 75.0 24.7 35.0 54.6 50.0 37.5 

substratetype           

   flower  0.0 2.8 0.0 2.5 9.1 0.0 0.0 

   foliage  0.0 44.4 18.4 32.5 54.6 16.7 37.5 

   bark   100.0 47.2 46.1 62.5 36.4 33.3 62.5 

   air   0.0 5.6 35.5 2.5 0.0 0.0 0.0 

   fruit   0.0 0.0 0.0 0.0 0.0 50.0 0.0 

substrate size         

   foliage  0.0 47.2 19.7 35.0 63.6 16.7 25.0 

   twig   11.1 36.1 39.5 30.0 36.4 83.3 50.0 

   0.5" - 4"  77.8 16.7 34.2 30.0 0.0 0.0 25.0 

   > 4"   11.1 0.0 6.6 5.0 0.0 0.0 0.0 
 

(f) 1988 KRA, Keauhou Ranch 

   akip apap elep haam iiwi omao jawe 

   (n)   (8) (21) (67) (40) (7) (2) (3) 

substrate species        

  koa   87.5 81.0 80.6 77.5 14.3 100.0 100.0 

!"hi!a   0.0 14.3 1.5 2.5 28.6 0.0 0.0 

  naio   12.5 4.8 9.0 5.0 14.3 0.0 0.0 

  other   0.0 0.0 9.0 15.0 42.9 0.0 0.0 

radial          

  inner   12.5 4.8 26.7 25.0 16.7 50.0 33.3 

  middle  75.0 38.1 43.8 47.5 50.0 50.0 0.0 

  perimeter  12.5 57.1 29.7 27.5 33.3 0.0 66.7 

substratetype         

  flower  0.0 4.8 0.0 7.5 28.6 0.0 0.0 

  foliage  0.0 42.9 19.4 30.0 42.9 0.0 33.3 

  bark   100.0 42.9 35.8 60.0 28.6 100.0 66.7 

  air   0.0 9.5 44.8 2.5 0.0 0.0 0.0 

substrate size         

  foliage  0.0 47.6 27.7 30.0 71.4 0.0 33.3 

  twig   25.0 42.9 32.3 30.0 28.6 0.0 33.3 

  0.5" - 4"  75.0 9.5 38.5 37.5 0.0 100.0 33.3 

  > 4"   0.0 0.0 1.5 2.5 0.0 0.0 0.0 
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Table 4.3. Mean foraging height in meters for birds at HFNWR and Keauhou Ranch, Hawai‘i. Foraging 

height differs by species (a), and location (b). Shown are mean foraging height and standard error. Species 

or locations sharing a Tukey’s group letter are not significantly different. Canopy heights are from this 

dissertation, Chapter 2. 
 

(a)         n foraging height (s.e.) Tukey 

species 

Loxops coccineus        4   9.15   (1.74)  ABCD   

Hemignathus munroi     33   7.91   (0.60)  A 

Himatione sanguinea   147 10.31   (0.30)  D 

Chasiempis sandwichensis   198   5.45   (0.27)  C 

Hemignathus virens   211   6.72   (0.25)  AB 

Oreomystis mana      16   4.40   (0.91)   BC 

Vestiaria coccinea   130   7.49   (0.32)  A 

Myadestes obscurus     19   5.96   (0.80)  ABC 

Zosterops japonicus     66   6.91   (0.44)   ABC 
 

(b)        n foraging height (s.e.)  Tukey canopy height  

Location 

Hakalau corridor (HC)    93    4.77   (0.45)  A    6.76      

Hakalau grove (HG)   111    4.09   (0.43)  A     7.77      

Hakalau forest (HF)   155  12.00   (0.33)  B  22.6  

1977 KRA (Keauhou) (77)  183    7.85   (0.36)  C  13.7    

1988  KRA (Keauhou) (88)  148    4.93   (0.39)  A    8.0   

Kilauea forest reserve (Keauhou) (KFR) 134    9.24   (0.39)  D  13.5  
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Table 4.4.  Foraging niche breadth for forest bird species at Hakalau Forest NWR and Keauhou Ranch, 

Hawai‘i. (a) Levin’s standardized niche breadth, see text for formulae.  (b) Number of frequently used 

resources where frequent is use in greater than 5% of foraging attempts. Superscripts indicate groups from 

post hoc Tukey’s HSD test. Species in (a) not connected by the same letter have significantly different 

mean breadth. Locations in (b) not connected by the same letter are different in the number of frequently 

used resources.
 

(a) 

Location hc hg hf 77 88 kf spp mean 

Species 

Loxops coccineus abc  --- --- 0.032 --- --- --- 0.032 

Hemignathus munroi c  0.000 0.024 0.032 0.049 0.025 --- 0.026 

Himatione sanguinea c  0.062 0.049 0.077 0.061 0.074 0.061 0.064 

Chasiempis sandwichensis a 0.213 0.085 0.153 0.250 0.198 0.179 0.180 

Hemignathus virens ab  0.252 0.104 0.145 0.181 0.116 0.179 0.163 

Oreomystis mana bc  --- --- 0.014 --- --- --- 0.014 

Vestiaria coccinea bc  0.062 0.163 0.065 0.118 0.115 0.055 0.096 

Myadestes obscurus c  --- --- 0.058 0.096 0.019 0.055 0.057 

Zosterops japonicus c  0.175 0.061 0.038 0.104 0.038 0.066 0.080  

Leiothrix lutea c   --- --- 0.019 0.024 0.019 --- 0.021 

Cardinalis cardinalis abc  0.062 0.073 --- --- --- --- 0.068 
 

(b) 

Location hc hg hf 77 88 kf  

Species 

Loxops coccineus   --- ---  3 --- --- ---   

Hemignathus munroi   1  2  3  5   4 ---   

Himatione sanguinea   2  3  5  5  3  5   

Chasiempis sandwichensis   4  6  4  9  7 13   

Hemignathus virens   5  5  12  9  6 11   

Oreomystis mana   --- ---  4 --- --- ---   

Vestiaria coccinea    4  5  5  8  7  5   

Myadestes obscurus  --- ---  4  6   2  5   

Zosterops japonicus   3  4  3  7  3  5   

Leiothrix lutea   --- ---  2  3   2 ---   

Cardinalis cardinalis   2  4 --- --- --- --- 

 

Location mean   2.2b 3.3b 4.5ab 6.3a 4.0ab 6.4a   
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Figure 4.1. Mean foraging niche breadth by location (a) and species (b) for birds foraging at Hakalau 

Forest NWR and Keauhou Ranch, Hawai‘i. Error bars represent one standard deviation. Mean breadth was 

not different across locations. Letters in parentheses ((a), (b), (c)) indicate significant differences among 

species based on Tukey!s HSD test folllowing analysis of variance. 
 

(a) location 

 
 (b) species 

 
 

Locations are corridor (HC), grove (HG) and forest (HF) at HFNWR, and 1977 KRA (77), 1988 KRA (88) 

and Kilauea Forest Reserve (KF) at Keauhou Ranch. 

Species abbreviations are as follows: akep is Loxops coccineus (‘"kepa), akip is Hemignathus munroi 

(‘Akiap#l$‘au), apap is Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), 

haam is Hemignathus virens (‘Amakihi), hacr is Oreomystis mana (Hawai‘i Creeper), iiwi is Vestiaria 

coccinea (‘I‘iwi), omao is Myadestes obscurus (‘%ma‘o), jawe is Zosterops japonicus (Japanese White-

eye). 
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Figure 4.2. Overlap among species pairs foraging at Hakalau Forest NWR and Keauhou 

Ranch, Hawai‘i. Shown is the mean overlap for the species pair across six study sites. 

Species included are those foraging in at least 4 of the 6 study sites. Species pairs are 

indicated by the combination of the four letter abbreviations for each species. E.g., 

“akiphaam” is the overlap between “akip” (‘Akiap!l"‘au) and “haam” (Hawai‘i 

#Amakihi). See below for species abbreviations.  
 

 
 

Species abbreviations are as follows: akip is Hemignathus munroi (‘Akiap!l"‘au), apap is 

Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), haam is 

Hemignathus virens (Hawai‘i ‘Amakihi), iiwi is Vestiaria coccinea (‘I‘iwi), omao is 

Myadestes obscurus (‘$ma‘o), jawe is Zosterops japonicus (Japanese White-eye). 
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Table 4.5, page one. Pairwise overlap in foraging habitat use between passerine species foraging at 

Hakalau Forest NWR and Keauhou Ranch, Hawai‘i. Shown is Pianka’s index of niche overlap: see text for 

formula. As values change across sites, six tables are shown. (a) Hakalau corridor, (b) Hakalau grove, (c) 

Hakalau forest, (d) 1977 KRA, (e) 1988 KRA, (f) K!lauea forest reserve. 
 

(a) Hakalau corridor  

 akip apap elep haam iiwi jawe 

akip 1      

apap 0 1     

elep 0.555 0 1    

haam 0.481 0.838 0.333 1   

iiwi 0.122 0.874 0.136 0.787 1  

jawe 0.226 0.708 0.146 0.811 0.838 1 
 

(b) Hakalau grove 

 akip apap elep haam iiwi jawe noca 

akip 1       

apap 0 1      

elep 0.816 0.111 1     

haam 0.575 0.491 0.612 1    

iiwi 0.125 0.714 0.136 0.706 1   

jawe 0.418 0.732 0.439 0.775 0.867 1  

noca 0 0.289 0.192 0.148 0.177 0.296 1 

(c) Hakalau forest 

 akep akip apap elep haam hacr iiwi omao jawe rble 

akep 1          

akip 0 1         

apap 0.4 0.143 1        

elep 0.611 0.056 0.353 1       

haam 0.397 0.066 0.784 0.397 1      

hacr 0.397 0.028 0.049 0.435 0.203 1     

iiwi 0.367 0.092 0.924 0.286 0.626 0.049 1    

omao 0 0 0.105 0.068 0.081 0.104 0.094 1   

jawe 0 0 0.283 0.157 0.468 0.12 0.13 0.289 1  

rble 0 0 0 0.096 0.115 0 0.079 0 0 1 
 

Species abbreviations are as follows: akep is Loxops coccineus (‘"kepa), akip is Hemignathus munroi 

(‘Akiap#l$‘au), apap is Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), 

haam is Hemignathus virens (‘Amakihi), hacr is Oreomystis mana (Hawai‘i Creeper), iiwi is Vestiaria 

coccinea (‘I‘iwi), omao is Myadestes obscurus (‘%ma‘o), jawe is Zosterops japonicus (Japanese White-

eye), rble is Leiothrix lutea (Red-billed Leiothrix), noca is Cardinalis cardinalis (Northern Cardinal). 
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Table 4.5, page two. Pairwise overlap in foraging habitat use between passerine species at Keauhou Ranch, 

Hawai‘i. Shown is Pianka’s index of niche overlap; see text for formula. 

 

 
(d) 1977 KRA 

 akip apap elep haam hacr iiwi omao jawe rble 

akip 1         

apap 0.247 1        

elep 0.626 0.404 1       

haam 0.772 0.564 0.737 1      

hacr 0 0 0.049 0.08 1     

iiwi 0 0.227 0.243 0.42 0 1    

omao 0 0.021 0.037 0.03 0 0.094 1   

jawe 0.315 0.303 0.406 0.614 0 0.417 0 1  

rble 0.055 0.016 0.084 0.069 0.289 0 0.109 0 1 
 

(e) 1988 KRA 

 akip apap elep haam iiwi omao jawe rble 

akip 1        

apap 0.456 1       

elep 0.55 0.631 1      

haam 0.738 0.715 0.678 1     

iiwi 0 0 0.038 0.05 1    

omao 0.802 0.296 0.497 0.796 0 1   

jawe 0.218 0.605 0.435 0.574 0 0.408 1  

rble 0 0 0 0.047 0.267 0 0 1 
 

(f) Kilauea forest reserve 

 apap elep haam iiwi omao jawe 

apap 1      

elep 0.055 1     

haam 0.702 0.271 1    

iiwi 0.963 0.055 0.671 1   

omao 0.111 0.221 0.233 0.131 1  

jawe 0.726 0.153 0.645 0.74 0.197 1 

 
Species abbreviations are as follows: akep is Loxops coccineus (‘!kepa), akip is Hemignathus munroi 

(‘Akiap"l#‘au), apap is Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis (‘Elepaio), 

haam is Hemignathus virens (‘Amakihi), hacr is Oreomystis mana (Hawai‘i Creeper), iiwi is Vestiaria 

coccinea (‘I‘iwi), omao is Myadestes obscurus (‘$ma‘o), jawe is Zosterops japonicus (Japanese White-

eye), rlbe is Leiothrix lutea (Red-billed Leiothrix), noca is Cardinalis cardinalis (Northern Cardinal). 
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Table 4.6. Foraging maneuvers used by bird species in all habitat types at Hakalau Forest NWR and 

Keauhou Ranch, Hawai‘i. (a) Percent of birds by species employing the maneuver in the first recorded 

foraging attempt for each individual. n = number of individuals. (b) Percent of foraging maneuvers used by 

each species when sequences of data are considered. In this case, n = number of total foraging maneuvers 

recorded for species. (c) Percent of individuals who used 1, 2, 3, 4 or 5 different maneuvers in a recorded 

foraging sequence, by species.   
 

(a)  Maneuver (%)  probe glean reach hang peck hover sally 

Species (n)   

akep (2)      0   0 100   0   0   0   0 

akip (34)     0   3   0 18 79   0   0 

apap (150)   28 27 32   9   1   1   3 

elep (191)     0 26 18 10   3 10 33 

haam (191)     6 27 18 41   5   2   2 

hacr (18)     0 33   0 56   6   0   6 

iiwi (126)   35 10 32 18   2   0   4 

omao (18)     0 22 50   6   0 17   6 

jawe (57)     4 58 14 21   4   0   0 
 

(b)   Maneuver (%)  probe glean reach hang peck hover sally 

Species (n) 

akep (6)      0   0 83 17   0   0   0 

akip (566)     0   0   1 11 88   0   0 

apap (474)   31 19 33 12   3   0   2 

elep (574)     0 31 19   9   2 13 26 

haam (858)     7 22 28 34   7   0   0 

hacr (93)     0 27   9 43 16   2   3 

iiwi (453)    38   9 28 22   2   0   2 

omao (40)     0 10 68   3   0 15   5 

jawe (155)   12 49 19 17   3   1   1 
 

(c) Number of maneuvers (%)  one two three four five  

Species   

akep     50 50 0 0 0  

akip     41 53 6 0 0  

apap     68 25 7 1 0  

elep     47 35 13 5 1  

haam     52 39 7 2 0  

hacr     44 33 11 11 0  

iiwi     67 20 12 1 0  

omao     83 17 0 0 0  

jawe     74 19 5 2 0  

 
Species abbreviations are as follows: akep is Loxops coccineus (Hawai‘i ‘!kepa), akip is Hemignathus 

munroi (‘Akiap"l#‘au), apap is Himatione sanguinea (‘Apapane), elep is Chasiempis sandwichensis 

(‘Elepaio), haam is Hemignathus virens (Hawai‘i ‘Amakihi), hacr is Oreomystis mana (Hawai‘i Creeper), 

iiwi is Vestiaria coccinea (‘I‘iwi), omao is Myadestes obscurus (‘$ma‘o), jawe is Zosterops japonicus 

(Japanese White-eye).
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Table 4.7. Results from comparisons of attack and search rates among locations (six study sites), sex and age classes. Mean rate (standard deviation) for all 

individuals are per minute.  Shown are probabilities less than 0.10. Probabilities greater than 0.10 indicated by “n.s.” (not significant). Differences significant at   

p = 0.05 marked with an asterisk (*). Instances where data were insufficient to run model indicated by NSF. Model parameters are age (adult, juvenile), sex 

(male, female), location (HC, HG, HF, 77, 88. KFR), age*location, sex*location. Different letters adjacent to rates indicate significantly different means in post 

hoc Tukey’s HSD; model: rate = species location. Tukey’s group letters are as follows: attack rate (abc), hop rate (qr), flight rate (xyz). 

Species    Mean min-1 (sd)  Age Sex Loc A*L Sex*Loc  post-hoc results  

‘AKIAP!L"‘AU  (n=34)     (31) (19)  

 Attack Rate  7.90 (3.7) a n.s. n.s. n.s. n.s. n.s. 

 Search   MANOVA  n.s. n.s. 0.088 n.s. NSF   fly more in 77, less in HF 

Hop rate   4.86 (4.0) q 

 Flight rate  1.72 (1.3) z         

‘APAPANE  (n=154)     (153)           

 Attack rate  4.07 (3.2) b 0.076 --- 0.01* 0.01* ---   greater in HC, less in 77, 88, HG 

 Search   MANOVA  n.s. --- 0.02* n.s. ---   greater in 88, less in HF, KF 

Hop rate   6.32 (5.4) qr        adults faster in HC, juves faster in 

 Flight rate  3.16 (2.5) xy         88. KF 

‘ELEPAIO  (n=204)      (199) (76) 

 Attack rate  2.76 (2.8) c n.s. n.s. n.s. n.s. NSF 

 Search   MANOVA  n.s. n.s. n.s. n.s. NSF 

 Hop rate   7.71 (5.2) r         

 Flight rate  2.95 (2.1) xy         

‘AMAKIHI  (n=214)     (190) (115) 

 Attack rate  4.86 (3.7) b n.s. n.s. n.s. n.s. n.s.  

 Search   MANOVA  0.085 n.s. n.s. n.s. n.s.   juveniles hop more, fly less  

Hop rate   6.77 (6.1) qr 

 Fly rate   2.65 (2.2) yz 

‘I‘IWI  (n=130)      (130)   

 Attack rate  4.87 (3.9) b n.s. --- n.s. n.s. ---  

 Search   MANOVA  n.s. --- n.s. n.s. --- 

 Hop rate   5.09 (4.9) q 

 Flight rate   3.77 (2.7) x 

JAPANESE WHITE-EYE (n=69) 

 Attack rate  4.27 (4.2) bc --- --- n.s. --- --- 

 Search   MANOVA  --- --- n.s. --- --- 

 Hop Rate  6.21 (5.7) qr 

 Flight rate  2.88 (2.4) xyz
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CHAPTER FIVE:  SUMMARY 

Forests of Dreams? 

 

 

The impetus for this work was the increasing use of Acacia koa to reforest 

degraded land on Hawai!i Island. Reforestation of high elevation pastures is a cornerstone 

of the management plan at Hakalau Forest National Wildlife Refuge. Economic models 

and research on silvicultural techniques suggest that 1) it is possible to cultivate A. koa for 

forestry purposes and 2) there is a potential long-term economic benefit, especially if 

there are multiple uses on the land. The assumption underlying koa reforestation and the 

push to develop a koa forest industry is that forestry with a native species will also 

provide ecological and conservation benefits.  

I wanted to assess that assumption with respect to Hawaiian forest birds. 

 

Can you build it? Yes, after a fashion… 

In Chapter Two of this dissertation I documented aspects of vegetation structure 

and composition that may be relevant to avian use of young koa forests. In sites at 

Keauhou Ranch where there was a single large but short disturbance to the forest, I found 

that koa stands resemble native forest sites in overall tree and seedling density, stand 

basal area and species richness.  On a site where the disturbance history was decades long 

(HFNWR), I found monotypic stands of A. koa with an understory of invasive grasses. 

Intensive management will be required to develop these latter stands into a diverse native 

forest. Managers at Hakalau Forest National Wildlife Refuge have recently changed their 

emphasis and are now working towards that end by outplanting a greater proportion of 

‘"hi‘a (Metrosideros polymorpha) and native fruiting species under the young koa trees. 
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At both study sites, the KRAs differ from the native forest sites, which are dominated by 

‘!hi‘a. The timeline for KRAs to transition to ‘!hi‘a -dominated forests is probably 

centuries. However, the KRAs are currently self-sustaining forests (one of which is more 

simple, one more complex) dominated by a native tree species. As such, they provide 

several ecosystem services that exceed those provided by pasture. These include 

watershed protection, nutrient inputs from throughfall and Nitrogen fixation, and Carbon 

sequestration. In this way, even young KRAs provide a conservation benefit. 

If you build it, will they come? Yes, most will come; some will stay. However… 

I compared the bird communities in KRAs and intact forests and documented 

behavior of the six native forest bird species common in the KRAs in Chapter Three. Bird 

communities are similar in the habitats at Keauhou Ranch; at Hakalau Forest NWR, the 

KRAs and intact forest host somewhat different bird communities. For four bird species 

(‘Elepaio, ‘Amakihi, ‘"ma‘o and ‘Akiap!l#‘au), I detected no statistically significant 

differences in behavior between the KRAs and native forest sites. These species allocate 

time similarly in all of the sites. All four species are known to maintain year round 

territories or home ranges: it can be inferred that they have colonized the young koa 

forests. The two primary nectarivores remaining in Hawai$i, ‘I‘iwi and ‘Apapane, behave 

differently in the KRAs. ‘Apapane spend more time moving in the KRAs and ‘I‘iwi 

spend less time foraging or interacting with other birds in the KRAs. These differences, 

along with the relative scarcity of these species in the KRAs outside of breeding season, 

suggest that KRAs are not sufficient habitat for these two species. Examination of 

behavior sequences showed that juvenile birds of four species (‘Apapane, ‘Elepaio, 

‘Amakihi and ‘I‘iwi) are more likely to forage consecutively and to remain at rest in 
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native forest sites than in KRAs. This implies differences in the two habitat types that 

were not detected by analysis of species presence or activity budgets. 

Get your popcorn and candy here! Foraging birds in the KRAs… 

I examined foraging behavior in Chapter Four. The KRAs provide foraging 

habitat for five (HFNWR) or six (Keauhou Ranch) species of Hawaiian forest birds. 

Foraging microhabitat used by birds was similar among forests and KRAs for all species 

except one. Hawai!i ‘Amakihi use interior and bark substrates more in the KRAs, but they 

are most common in the outer foliage and flowers in the intact forests. This generalist 

honeycreeper is therefore associated with the nectarivores in the forests, but is primarily 

an insectivore in the KRAs. Measures of niche breadth and overlap revealed differences 

among species, but the patterns were similar among locations and similar to results from 

previous studies of these birds. Indices of opportunity and effort (attack and search rates) 

were similar among forests and KRAs for all species except ‘Apapane.  Birds used 

perching maneuvers to forage more often in K"lauea Forest Reserve than in the other 

sites, but the use of other maneuvers was not different among habitats. 

Are these Forests of Dreams? 

My conclusions are that KRAs provide conservation benefits in the following ways: 

1) The KRAs in these two sites are self-sustaining, native-dominated forests which 

provide ecosystem services above those in degraded pasture. 

2) The KRAs provide foraging habitat for native forest birds, and this benefit is evident 

in stands as young as ten years.  
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3) There is evidence that four Hawaiian forest bird species have colonized KRAs, 

though demographic studies will be necessary to determine if they have done so 

successfully.  

There are caveats to these conclusions. Not all species benefit equally from koa 

reforestation: two endangered species in this community (Hawai‘i  ‘!kepa and Hawai‘i 

Creeper) are missing or uncommon in the KRAs; ‘I‘iwi and ‘Apapane behave differently 

in the KRAs and native forests; and juvenile behavior sequences indicate possible habitat 

quality differences. Lastly, reproductive success has only been determined for one of the 

four colonizing species: demographic studies will be necessary to establish that KRAs are 

good quality breeding habitat for the other three. 

Perhaps most importantly, the conservation benefit of these young koa forests 

relies on their persistence. If the forests only provide foraging habitat, tree harvests may 

have limited effects on the bird community. However, the successful colonization of the 

KRAs by native forest birds indicates that these habitats may have a role to play in 

species persistence. It will be imperative to show restraint and caution if these forests are 

to be harvested sustainably in the future. 

 

 Many questions remain unanswered. In a broad context, I hope my work 

contributes to conservation behavior and restoration ecology by demonstrating that 

behavior can be informative in evaluating restoration success. In a context closer to heart 

and home, my hope is that this work makes a contribution towards understanding the 

benefits and potential limitations of koa forestry for bird conservation in Hawai"i.  
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APPENDIX 1  

Plant species found in six study sites at Hakalau Forest National Wildlife Refuge and 

Keauhou Ranch, Hawai‘i 

Form is growth form: tree (T), shrub (S), herb (H), fern (F). Consevation status (S) is endemic (E), 

indigenous (I), non-native (N), unknown (U). Study sites are 1977 KRA (77), 1988 KRA (88), K!lauea 

Forest Reserve (KF) at Keauhou Ranch, and corridor (HC), grove (HG) and forest (HF) at HFNWR. 
 

Species Common Name form S 77 88 KF HC HG HF 

Acacia koa koa T E x x x x x x 

Adenophorus 

hymenophylloides  F E       

Adenophorus pinnatifidus  F E       

Adenophorus tamariscinus wahine noho mauna F E       

Adenophorus tripinnatifidus  F E   x    

Alyxia oliviformis maile H E x x x    

Andropogon virginicus broomsedge H N  x     

Anthoxanthum odoratum sweet vernal grass H N x x x x x x 

Arundina bambusifolia bamboo orchid H N  x     

Asplenium contiguum  F E x  x   x 

Asplenium lobulatum anali‘i F E       

Asplenium monanthes  F I      x 

Asplenium normale  F        

Asplenium sphenotomum  F        

Astelia menziesiana pa'iniu H E   x   x 

Athyrium microphyllum akolea F E x x   x x 

Axonopus fissifolius small Paspalum H N    x   

Broussaisia arguta kanawao S E x  x    

Carex alligata  H E      x 

Carex spp.  H U x x x    

Cheirodendron trigynum olapa T E x x x x x x 

Cibotium glaucum hapu‘u F E x x x x x x 

Cibotium spp.  F E       

Cibotium menziesii hapu‘u F E   x  x x 

Clermontia parviflora Clermontia S E       

Clermontia spp. Clermontia S E x      

Coprosma ernodeoides kukainene S E  x     

Coprosma rhynocarpa pilo T E x x x    

Coprosma spp. pilo T E x x x x x x 

Deschampsia nubigena hairgrass H E    x   

Dicranopteris linearis uluhe F E x x x x  x 

Diplazium sandwichianum Ho‘io F E     x x 

Diplopterygium pinnatum wing uluhe F I      x 

Dryopteris glabra hohiu, kilau F E x x x x x x 

Dryopteris wallechiana i o nui, laukahi F I x x x x x x 

Dryopteris hawaiiensis  F E   x    

Ehrharta stipoides meadow rice grass H N x x x x x x 
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Species Common name Form S 77 88 KF HC HG HF 

Elaphoglossum crassifolium  F E x     x 

Elaphoglossum wawrae Lau kahi F E x x x   x 

Fragaria chiloensis  ‘ohelo papa H N x x x    

Grammitis hookeri  F I   x    

Holcus lanatus velvet grass  N    x x  

Ilex anomala kawa‘u T I x x x   x 

Isachne distichophylla ohe H        

Juncus effusis Japanese  mat rush H N    x x x 

Lellingeria saffordi  F E   x    

Mecodium recurvum  F E      x 

Melicope spp. alani T E   x    

Metrosideros polymorpha ohia T E x x x x x x 

Myoporum sandwicense naio T I x x x    

Myrsine lessertiana kolea T E x x x x x x 

Myrsine sandwicensis kolea lau lii T E   x    

Paspalum conjugatum Hilo grass H N    x x  

Paspalum spp  H N     x  

Pennisetum clandestinum kikuyu grass H N x x x x x  

Peperomia spp ala ala wai nue H E x  x   x 

Phyllostegia spp.  H E  ? x    

Polypodium pellucidum ae F E   x    

Rubus argutus blackberry S N  x   x x 

Rubus hawaiiensis akala S E x x x x  x 

Rubus rosifolius thimbleberry S N   x    

Rumex acetosella sheep sorrel H N    x x  

Sacciolepis indica glenwood grass H N     x  

Sadleria pallida amau F E x x x    

Sadleria cyotheodes amau F E    x x x 

Smilax melastomifolia hoi kuahiwi  H E x      

Sophora chrysophylla mamane T E  x     

Sphaerocionium lanceolatum  F E   x   x 

Stenogyne calaminthoides  H E x x x    

Styphelia tameiameiae pukiawe S E  x x x  x 

Taraxacum officinale dandelion H N  x  x x  

Uncinia uncinata spiky grassy sedgy H E   x  x  

Vaccinium calycinum ohelo S E x x x x  x 

Vaccinium reticulatum ohelo S E  x     

Veronica plebeia tiny viny H N x x x ?  x 

SPECIES RICHNESS    31 35 42 24 24 33 
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Appendix 2  

Ethogram used in observations of Hawaiian forest birds, HFNWR and Keauhou 

Ranch, Hawai‘i  

 

behavior definition modifiers/ 

categories 

eat Maneuver by bird could result in a food item being taken. 

Because prey is difficult to see, an “eat” is not necessarily 

a “success”. This is “attack” in some of the literature. 

glean  

hover 

sally 

peck  

reach 

flowers 

hang 

none 

fly Bird flies from one perch/substrate to another. < 1 m 

1 – 3 m 

3 – 5 m 

> 5 m 

none 

hop Jumps (without using wings) from one perch/substrate to 

another. 

< 6 “ 

> 6 “ 

none 

rest  Bird remains stationary on a single perch.  preen 

flutter 

vocalize 

sit 

none 

creep “Acting like a creeper”; bird ambulates up or down trunk 

while bracing against it with tail. 

 

look Bird is not changing positions, but is scanning or looking 

around. 

 

move Bird flies >10 m to a new location. In the data, this is 

usually “showed up” or “left.”  

 

walk Bird moves one leg at a time (no wings) across the 

substrate. 

 

drop Bird moves vertically down from one perch to another. 

These are neither flights nor hops, but some combination.  

< 1m 

> 1m 

interaction Bird is interacting with a conspecific (or occaisionally 

with an individual of a different species). 

reproductive 

chase 

feeding 

co-preen 

in sight  Bird is in view.  

out of sight Bird is out of view.  
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