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Abstract 
A Safe Harbor Agreement (SHA) is a voluntary arrangement between the U.S. Fish and 
Wildlife Service and non-Federal landowners to promote the protection, conservation, 
and recovery of listed species without imposing further land use restrictions on the 
landowners.  Kamehameha Schools is considering entering into a SHA for their Keauhou 
and Kīlauea Forest lands on the island of Hawai′i.  Bird surveys were conducted in 2008 
to determine the current occurrence and density of listed species for the Keauhou and 
Kīlauea Forest, a prerequisite for establishing an agreement.  Because of different 
management practices in the proposed SHA area we stratified the survey data into intact 
and altered forest strata.  The listed passerines—′Akiapōlā′au (Hemignathus munroi), 
Hawai′i Creeper (Oreomystis mana), and Hawai′i ′Ākepa (Loxops coccineus)—occur in 
both strata but at low densities.  The endangered ′Io (Hawaiian Hawk; Buteo solitarius) 
also occurs within both strata at low densities.  This report was prepared for the U.S. Fish 
and Wildlife Service and Kamehameha Schools to provide information they can use to 
establish baseline levels for the SHA.  In addition, we describe the status and trends of 
the non-listed native birds. 
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Introduction 
Many threatened and endangered listed species occur on privately owned property.  Thus, 
the U.S. Fish and Wildlife Service (FWS) has developed a policy, the Safe Harbor 
Agreement (SHA), with cooperating non-Federal landowners to benefit listed species.  A 
similar process is available through the State of Hawai′i Department of Land and Natural 
Resources (DLNR).  The main purpose of a SHA is to promote voluntary management 
plans with landowners for the protection, conservation, and recovery of listed species.  In 
return, participating landowners are provided assurances that no further land use or 
management restrictions will be imposed on the landowners for their covered lands and 
species if listed species colonize or increase in numbers as a result of restoring or 
enhancing habitat.  It is important to note that the establishment of a SHA does not affect 
preexisting regulatory restrictions on property already supporting listed species.  Details 
defining roles and responsibilities, and guidelines for establishing SHA are provided by 
the FWS (available online)1 and Hawai′i DLNR (available online)2

 
. 

Agreements must identify covered lands and actions to be taken; they must specify the 
baseline for listed species found or expected to be found there; and they must be expected 
to produce a net conservation benefit for the listed species.  At some time in the future the 
landowner can take back created habitats or populations (return to baseline), and there 
will be a net conservation benefit for the recovery of the covered species. 
 
Kamehameha Schools is considering entering into a SHA with the FWS and DOFAW for 
their Keauhou and Kīlauea Forest lands on the island of Hawai′i.  These parcels are 
situated where several endangered forest bird populations—′Akiapōlā′au, Hawai′i 
Creeper, and Hawai′i ′Ākepa—are located within the central windward portion of the 
island at 1,500 to 2,000 m elevation (19° 29′10″N 155° 17′45″E; Figure 1).  The 
vegetation in the area is comprised of native montane wet and mesic forest, portions 
which have a history of ranching and logging.  ′Ōhi′a (Metrosideros polymorpha) and koa 
(Acacia koa) dominate the forest canopy, and the understory is comprised of native trees, 
shrubs, tree ferns, and many species of ground ferns, although some open meadows of 
grass remain (Sakai 1988).  Average annual rainfall exceeds 3,500 mm, and daily air 
temperature averages 16°C with an annual variation of <5°C (Juvik and Juvik 1998).  
Kamehameha Schools manages Keauhou and portions of Kīlauea Forest.  Logging and 
ranching commenced in the Keauhou area more than a century ago, but clearing of forest 
and grazing largely ceased in this area in the 1990s.  The region is now managed mainly 
as native forest with activities including the removal of feral ungulates, pasture 
reforestation, and educational projects.  Kīlauea Forest has never been logged and is 
primarily managed for its natural resource conservation (although hapu′u tree ferns 
[Cibotium spp.] were extracted from the lower section of Kilauea Forest prior to 2003). 
 
Historically this area has been a focus of bird surveys and research on the island of 
Hawai′i.  In the 1960s and 1970s, the area was surveyed as part of the U.S. International 
                                                 
1 http://www.fws.gov/Endangered/factsheets/harborqa.pdf; accessed 6 November 2008. 
2 http://www.capitol.hawaii.gov/hrscurrent/Vol03_Ch0121-0200D/HRS0195D/HRS_0195D-0022.htm; 
accessed 6 November 2008. 
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Biological Program (Mueller-Dombois et al. 1981), and the first bird searches were 
conducted between January and July 1972 by Berger (1972).  By this time, large tracts of 
forest on what was then the Keauhou Ranch had already been converted to pasture for 
cattle ranching, and ungulates (cattle, horses, sheep, goats, and pigs) had degraded the 
surrounding, largely-intact forests.  ′Io, ′Akiapōlā′au, Hawai′i Creeper, and Hawai′i 
′Ākepa sightings were recorded in the Kīlauea Forest, and a few incidental sightings were 
made in the adjacent Keauhou Ranch while accessing the study area.  In addition to the 
endangered birds, Berger documented relatively large numbers of Hawai′i ′Elepaio 
(Chasiempis sandwichensis), ′Ōma′o (Myadestes obscurus), Hawai′i ′Amakihi 
(Hemignathus virens), ′I′iwi (Vestiaria coccinea), and ′Apapane (Himatione sanguinea).  
Interestingly, Berger considered the ′Akiapōlā′au population in the Kīlauea Forest to be 
the largest remaining population on Hawai′i Island. 
 
Between 1972 and 1975, Conant (1975) conducted the first quantitative bird surveys in 
both Keauhou and Kīlauea Forest.  Conant’s survey provided density estimates based on 
strip transect sampling and calculating a coefficient of detectability following Emlen 
(1971).  Comparison of Conant’s results with those of other surveys is limited because of 
differences in sampling and analyses, and because Conant’s study area did not 
correspond directly with the SHA study area; however, limited inference can be garnered 
from the patterns she documented.  Conant found that in general densities of the common 
birds were greater in the Kīlauea Forest than in the pasture and logged areas in Keauhou, 
and densities of the endangered birds were about equal between the two study areas, 
although their densities were substantially less than those of the common birds (<0.5 
birds/ha versus >2 birds/ha, respectively). 
 
Scott et al. (1986) established the standard bird sampling method used in the Hawaiian 
Islands during the landmark Hawai′i Forest Bird Survey (HFBS; Camp, Reynolds, et al. 
2009).  Portions of two HFBS transects ran through the proposed SHA area and were 
sampled in 1977.  Similar to Conant’s study, the results from Scott et al. are not directly 
comparable to subsequent surveys in the SHA area because Scott et al. surveyed at a 
much larger scale and too few of the HFBS sampling stations fall within the limited SHA 
area.  Like the previous surveys, Scott et al. found the general pattern was that native bird 
densities were greater in forests than in logged or pasture habitats, and the endangered 
birds were rare.  Scott et al. also identified that the endangered birds existed in disjunct 
populations on the island, with one occurring in the Keauhou-Kīlauea region. 
 
The U.S. Forest Service conducted bird surveys in both the Keauhou and Kīlauea Forest 
between 1977 and 1982.  Similar to the results from previous surveys, densities were 
greater in forest than logged or pasture habitats, except for ′Akiapōlā′au (Ralph and 
Fancy 1994a, 1994b, 1995, 1996), and densities of the endangered birds were lower than 
Conant’s estimates (Conant 1975).  By that time, large portions of the upper Keauhou 
were logged and much of the vegetation removed to encourage regrowth of koa as part of 
a silviculture program.  Ralph and Fancy (1996) noted a shift in ′Akiapōlā′au densities 
between the two study areas with greater densities recorded in Keauhou than in Kīlauea 
Forest, but this shift was not seen for Hawai′i Creeper or Hawai′i ′Ākepa.  Sakai (1988) 
used Forest Service data from Keauhou to assess differences in bird abundance indices 
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(numbers of birds detected per station and percent occurrence) between study plots in 
mechanically cleared forest that was regenerating and adjacent intact forest.  Sakai 
showed that results for both indices were greater in the intact forest than in the logged 
plots.  Furthermore, Sakai found that ′Apapane numbers were initially high in the logged 
and cleared plots and fell to lower levels shortly after clearing, and eventually ′Apapane 
numbers remained stable but abundance was low. 
 
Beginning in 1990, Kamehameha Schools and the U.S. Geological Survey, Biological 
Resources Discipline (USGS BRD) initiated bird surveys in the Keauhou-Kīlauea region, 
and these surveys were conducted annually to present.  In 1993, these surveys were 
expanded to include additional portions of the proposed SHA area.  Gorresen et al. (2005) 
reported the status and trends for native and alien forest birds in the Keauhou-Kīlauea 
region and Hawai′i Volcanoes National Park (surveys in the `Ōla`a, Mauna Loa Strip, 
and East Rift study areas).  Five of eight native forest birds, including ′Akiapōlā′au and 
Hawai′i Creeper, had undergone declines in occurrence and density.  In addition, 
Gorresen et al. identified that ′Ōma′o and ′I′iwi may have undergone range contractions 
and suggested expanding the regional surveys to include sampling the areas between 
Keauhou, `Ōla`a, and Mauna Loa Strip.  The 2006 survey was expanded to include 
surveys adjacent to Mauna Loa Strip and the lower portion of Keauhou, and the results 
are presented here for the first time. 
 
`Io are not reliably monitored using the standard point-transect sampling for surveying 
other forest birds, although `Io are detected and recorded during the counts.  In 2007, 
Gorresen et al. (2008) reported the status of ′Io on Hawai′i Island using play-back calls 
during 10-min point-transect sampling.  ′Io movements in response to the play-back calls 
were accounted for in the analyses.  Gorresen et al. compared ′Io densities between their 
survey and a 1998 survey by Klavitter et al. (2003) and found that the 2007 and 1998 
estimates did not differ.  ′Io density was estimated to be about one bird every two km2 in 
the Keauhou-Kīlauea region. 
 
In this report, we describe the current conditions for listed endangered forest birds—′Io, 
′Akiapōlā′au, Hawai′i Creeper, and Hawai′i ′Ākepa—that occur in the Keauhou and 
Kīlauea Forest area.  For reference, we also describe the status and trends of the other 
native birds.  Because of different management practices across the landscape we assess 
the trends and differences in native forest bird densities between intact and altered forest 
strata. 
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Methods 

Bird species 
Only a small portion of the original Hawaiian avifauna have survived human settlement, 
and as many as 13 historically known species that could have occurred in the Keauhou-
Kīlauea region are now either extinct or have been extirpated from the area (Banko and 
Banko 2009).  The result is that only nine forest birds—′Io, Hawai′i ′Elepaio, ′Ōma′o, 
Hawai′i ′Amakihi, ′Akiapōlā′au, Hawai′i Creeper, Hawai′i ′Ākepa, ′I′iwi, and ′Apapane—
persist in the Keauhou-Kīlauea region and four of those birds—′Io, ′Akiapōlā′au, Hawai′i 
Creeper, and Hawai′i ′Ākepa—are listed as endangered under the Endangered Species 
Act by the U. S. Fish and Wildlife Service (1984, 2006).  Here we provide general 
ecological background for the listed species.  Descriptions of the nine non-listed 
Hawaiian forest birds that occur in the Keauhou-Kīlauea region can be found in Poole 
(2005) and Pratt (2005). 
 
′Io is a small, broad-winged hawk of the genus Buteo.  This woodland predator evolved 
to hunt birds, but has expanded its prey base to include small mammals and insects since 
Polynesian contact (Clarkson and Laniawe 2000).  ′Io occupy a wide variety of forested 
and open habitats from sea level to tree line, but breeding habitats appear to be restricted 
to mid- to tall-stature, open- to closed-canopy native and/or mixed exotic tree forests with 
some tall ′ōhi′a. 
 
The ′Akiapōlā′au is a medium-sized honeycreeper with a relatively short tail, endemic to 
Hawai′i Island (Pratt 2005).  The most striking feature of the ′Akiapōlā′au is its hetero-
bill where the upper mandible is long and decurved and lower mandible is short and 
straight.  ′Akiapōlā′au diet consists almost entirely of arthropods including caterpillars, 
spiders, larvae and adult beetles, which they extract from trunks, branches and twigs with 
their upper mandible.  They also take nectar opportunistically and consume tree sap by 
drilling sap wells with their lower mandible.  Historically ′Akiapōlā′au were distributed 
island-wide but now occur only in high elevation mixed koa/′ōhi′a forests, and exhibit a 
clear preference for koa.  ′Akiapōlā′au benefit from planting and natural recruitment of 
koa, and also make use of young koa stands (Pejchar et al. 2005). 
 
The Hawai′i Creeper is a small honeycreeper endemic to Hawai′i Island with a relatively 
short tail and short, slightly decurved bill.  It forages mainly on arthropods, especially 
insects and spiders, caterpillars and historically on snails (Pratt 2005).  They glean prey 
from the bark of larger limbs and trunks of trees, favoring koa but also foraging on other 
trees.  Hawai′i Creeper previously occupied a wide variety of forest habitats including 
lowland very wet rainforests, but currently they are found mostly in high-elevation 
koa/′ōhi′a forests. 
 
Hawai′i ′Ākepa are a very small honeycreeper with a notched tail and express striking 
sexual dichromatism (Pratt 2005).  ′Ākepa have a short bill where the mandible is curved 
to one side, which it uses to probe terminal leaf clusters and open leaf buds foraging for 
spiders and insects, especially psyllid and lepidopteran larvae, leafhoppers and bugs.  
They also take nectar opportunistically.  ′Ākepa are currently distributed only in high-
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elevation old-growth ′ōhi′a and koa forest, although they formerly occurred in lowland 
forests.  ′Ākepa require old-growth forest that provides cavities for nest sites. 
 

Bird surveys 
In 1977, Scott et al. (1986) conducted the first quantitative bird surveys in the Keauhou-
Kīlauea region as part of the HFBS.  The scale at which the HFBS was conducted did not 
allow for comparisons with current bird densities (too few stations).  Surveys subsequent 
to the HFBS commenced in 1990 in the Keauhou-Kīlauea region, and in the SHA area in 
1993 (Table 1, Figure 1).  Our analyses excluded the 1993 survey because it was 
conducted outside of the breeding season, whereas the surveys beginning in 1994 
sampled during the breeding season when birds are usually more vocal.  The number of 
stations sampled in the SHA area varied by year, with a minimum of 85 stations in 1999 
and a maximum of 160 stations 2008 (Table 2). 
 
All subsequent surveys have followed the same point-transect sampling procedures 
implemented by Scott et al. (1986).  Variability among observers was minimized through 
pre-survey training to calibrate for distance estimation and learn bird vocalizations for the 
local populations (Kepler and Scott 1981).  During 8-min counts, observers recorded the 
horizontal distance from the station center point to individual birds detected and the 
detection type (heard, seen, or both).  Birds only flying over or through the survey area 
were excluded.  Observers also recorded the sampling conditions (i.e., cloud cover, rain, 
wind, gust, and time of day) at each station.  Sampling was conducted between 06:00 and 
12:00 hr and halted when rain, wind, or gust exceeded pre-specified levels. 
 

Study area 
The 1994-2008 survey data relate to the general location of the proposed SHA, although 
the final SHA boundary has not been established.  We stratified the survey data into 
altered forest and intact forest strata based on different management practices.  
Management practices in the altered forest stratum included cattle grazing on native 
forests that were converted to pastureland, and clearing to facilitate koa regeneration for 
lumber production.  Cattle have been grazed on Keauhou for > 100 years, and the 
pastureland consists of scattered old-growth ′ōhi′a trees with introduced pasture grasses.  
Clearing of the forest on Keauhou and subsequent regeneration of the koa silviculture 
stands are described in Sakai (1988).  A total of 80 ha of pastureland were cleared of all 
vegetation using bulldozers from 1977 to 1980.  Mechanical clearing stimulated 
regeneration of pure stands of koa.  The koa stands remain relatively monospecific with 
an understory of alien grass and mixed native shrub/fern.  Bird survey stations within the 
pasture and koa silviculture stand were assigned to the altered forest stratum (Figures 1 
and 2).  Bird survey stations in the adjacent forest to the north (upper Keauhou) and east 
(Kīlauea Forest) of the koa silviculture stand were assigned to the intact forest stratum 
(Figures 1 and 2).  For clarification, population status and trend estimates reported here 
are for the SHA area only, and exclude estimates for surveys from the Kūlani Boys 
School, Puu Kipu, and other portions of the central windward Hawai′i region (see 
Gorresen et al. 2005). 
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Density estimates 
Density estimates (birds/ha) for forest bird species were estimated by fitting species-
specific detection functions to histograms of distance measurements (Buckland et al. 
2001) using program DISTANCE, version 5.0, release 2 (Thomas et al. 2005).  Distance 
data were pooled across forest strata and year to produce a single species-specific 
detection function (i.e., a global detection function), and post-stratification procedures 
were used to calculate strata and year specific density estimates.  Detections from surveys 
in the Kūlani Boys School, Puu Kipu, and other portions of Kīlauea Forest were used to 
increase the number of samples to fit detection functions; however, we do not present 
status estimates for those areas in this report.  Data were right-tail truncated to remove 
approximately 10% of the distance measurements and thereby facilitate modeling.  We 
used Akiake’s Information Criterion (AIC) to select the best approximating model 
(Buckland et al. 2001, Burnham and Anderson 2002).  Candidate models were limited to 
half normal and hazard-rate detection functions with expansion series of order two 
(Buckland et al. 2001:361, 365).  Candidate models were further restricted to those where 
the proportion of variance in the model due to variability in the detection function was 
less than 70% (K. Burnham, pers. comm.).  Covariates were incorporated in the multiple 
covariate distance sampling (MCDS) engine of DISTANCE to improve model precision 
(Marques and Buckland 2004, Thomas et al. 2005).  Covariates included cloud cover, 
rain, wind, gust, observer, time of detection, and month of survey (Appendix 1).  
Buckland et al. (2001, 2004) describe distance sampling procedures and analyses in 
detail. 
 

Data analysis 
Change in bird densities between the two forest strata were assessed with repeated 
measures analysis of variance (ANOVA: PROC MIXED; SAS Institute Inc., Cary, NC).  
The error variances were stabilized by log transforming densities by station values, after a 
constant of 1 was added (to avoid ln(0)).  Because of low bird densities for the listed 
species we assumed a compound symmetry variance-covariance structure, and stations 
were treated as the random factor (Littell et al. 1996). 
 
Changes in population densities by stratum were assessed by estimating the posterior 
probability of a trend within a Bayesian framework (Wade 2000, Camp et al. 2008).  We 
defined the ecological relevance of a trend as a 25% change in a population in 25 years.  
Ecologically meaningful trends were defined as:  decreasing when the rate of change (i.e., 
slope) β̂  < -0.0119 and increasing when β̂  > 0. 0093.  Populations were considered 
ecologically negligible when -0. 0119 < β̂  < 0.0093.  We also assessed the probability of 
the population changing more than 50% in 25 years, or β̂  < -0.0285 and β̂  > 0.0170, 
respectively.  The posterior probabilities of the β̂ s were calculated using a log-link 
regression model in WinBUGS (Lunn et al. 2000) within program R (R version 2.7.0; 
2008-04-22; The R Foundation for Statistical Computing).  Camp et al. (2008) provide 
modeling details. 
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The likelihood of a trend was defined with four categories: very weak, weak, strong, or 
very strong evidence derived from the posterior odds (Wade 2000).  Evidence for the 
categories was based on the posterior probability (P) limits of:  very weak if P < 0.1; 
weak if 0.1 ≤ P < 0.7; strong if 0.7 ≤ P < 0.9; and very strong if P ≥ 0.9.  We concluded 
that a trend was inconclusive when the posterior odds provide weak and very weak 
evidence among all trend categories, and that a population was “stable” given strong or 
very strong evidence of a negligible trend. 
 
Power to detect 25% and 50% population declines for a 10-year period were calculated 
using program TRENDS (Gerrodette 1993).  Significance level for a Type I error was 
0.10 based on a one-tailed exponential model.  Coefficient of variation was calculated as 
the standard error divided by the density or slope, and set proportional to 1/sqrt(A) (the 
most conservative setting).  See Gerrodette (1993) and Gorresen et al. (2005) for details. 
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Results 
Between 1994 and 2008, 33 bird species were detected in the Keauhou-Kīlauea study 
area (Table 3), and 17 species were coincidently detected in the lower portion of the 
region during the 2006 survey (Appendix 2).  One-third of the species were native or 
migratory species (10 and one, respectively), and the remaining species were aliens.  We 
were able to calculate densities for eight of 10 native birds.  ′Apapane had the greatest 
densities and the three endangered passerines—′Akiapōlā′au, Hawai′i Creeper, and 
Hawai′i ′Ākepa—had the lowest densities, both over the 14 year period and in the most 
recent 2008 survey (Figures 3 and 4, Table 4, Appendix 3). 
 
Current Status and Trends of T&E Species 
Significant differences in population densities between intact forest and altered forest 
strata were detected for two of the three endangered passerines.  Average densities for 
Hawai′i Creeper were greater in the intact forest stratum, whereas densities for 
′Akiapōlā′au were greater in the altered forest stratum, which included the koa 
silviculiture stand at Keauhou (Table 5).  The model to assess the difference between 
Hawai′i ′Ākepa densities in intact and altered forest strata failed to converge due to small 
sample size.  A two-sample z-test comparison of the 2008 Hawai′i ′Ākepa densities 
indicated that they were no more abundant in the intact forest than in the altered forest 
stratum (z = -1.11, p = 0.268).  This comparison should be viewed with caution because it 
does not include the variability among the time series densities and 2008 was the only 
year where densities were greater in the altered forest stratum than in the intact forest 
stratum (Appendix 3).  The average Hawai′i ′Ākepa density between 1994 and 2008 in 
the intact forest stratum was 0.20 birds/ha (SD = 0.17), which was significantly greater 
than the average Hawai′i ′Ākepa density in altered forest stratum (0.04 [0.04]; two-
sample t-test assuming unequal variances:  t = 2.14, df = 14, p = 0.005). 
 
Hawai′i Creeper and Hawai′i ′Ākepa showed declining trends in the intact forest stratum 
(Figure 3, Table 6).  The model to assess ′Akiapōlā′au trends failed to converge because 
the densities varied widely and were generally poorly estimated (mean CV = 0.61 ± 0.27 
[SD]), thus a general regression model was not discernable.  The trends for ′Akiapōlā′au 
and Hawai′i Creeper in the altered forest stratum were not estimated well enough to make 
strong consensus, and the model to assess Hawai′i ′Ākepa trends failed to converge (for 
reasons see ′Akiapōlā′au trends description above). 
 
The current monitoring of endangered species’ densities yields results with inadequate 
power to detect either 25 or 50 % declines in density and trend over a 10 year period 
(Table 7). 
 
Current status and trends of common species 
Average densities for ′I′iwi and ′Apapane were greater in the intact forest stratum, 
whereas densities for Hawai′i ′Elepaio and Hawai′i ′Amakihi densities were greater in the 
altered forest stratum (Table 5).  ′Ōma′o densities were not different between the two 
strata. 
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Most species showed declining trends in the intact forest stratum.  Trends were declining 
for Hawai′i ′Elepaio, ′Ōma′o, and ′I′iwi (Figure 3, Table 6).  Although Hawai′i ′Amakihi 
trend did not increase in intact forest, we were unable to determine whether its trend was 
stable or declining (weak evidence for both trends).  There was, however, almost double 
the support for stable versus declining Hawai′i ′Amakihi trends.  ′Apapane was the only 
native bird to portray a stable trend in the intact forest stratum. 
 
Overall, trends were more positive in the altered forest stratum.  Strong and very strong 
evidence of increasing trends was found for Hawai′i ′Elepaio, Hawai′i ′Amakihi, and 
′Apapane (Figure 3, Table 6).  The trend for all three of these species was an increase by 
at least 50% over 25 years.  Another positive finding was strong evidence of a stable 
trend for the ′Ōma′o, with only weak evidence that the ′Ōma′o population had declined 
by 25% over 25 years.  In contrast, the combined evidence that the ′I′iwi trend in 
densities declined was very strong, with the greatest proportion of evidence supporting a 
25% decline over 25 years. 
 
There was adequate power to detect both 25 and 50% declines in all of the common bird 
densities (power ≥ 80%; Table 7).  Additionally, there was adequate power to detect a 
negative trend of 50% over 10 years for the Hawai′i ′Elepaio and ′Apapane, whereas, 
Hawai′i ′Amakihi had sufficient power to detect a negative trend of 25% over 10 years.  
There was inadequate power (< 80%) to detect either moderate (25%) or catastrophic 
(50%) trends in ′Ōma′o or ′I′iwi.  This was likely due to fluctuations between annual 
density estimates, not to uncertainty in the density estimates. 
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Discussion 
Current status and trends of T&E species 
The current bird status in Keauhou-Kīlauea area can be used to help determine the 
baseline state of bird populations for the proposed SHA area.  Furthermore, the analysis 
of historic population levels informs managers of the potential population levels and 
variability inherent in bird distribution and density.  The lower portion of Keauhou-
Kīlauea is below 1,500 m elevation and does not harbor the listed passerine birds 
(Appendix 2; Gorresen et al. 2005), as is the case throughout Hawai′i Island below that 
elevation (Gorresen et al. 2009).  In the upper elevations (above 1,500 m), Hawai′i 
′Ākepa and ′Akiapōlā′au occurrence were two to four times greater in the altered forest 
than in the adjacent intact forest stratum, but these species were detected only a few times 
(a total of seven and six birds, respectively).  Hawai′i Creeper occurrence was different 
by only one percent, and the creeper was detected on only four stations in each stratum.  
Thus, it is difficult to assess the status of these three species with the data, except to say 
that they exist at low densities in both strata.  Interestingly, most bird densities were 
greater in the altered forest than in the intact forest.  This does not imply that logging and 
grazing are beneficial for Hawaiian forest birds (e.g., Van Horne 1983).  Instead the 
intact forest sustains the core population for all of the native birds, including the listed 
species.  Hawai′i ′Ākepa are a cavity nesting bird, and, are therefore, obligate on old-
growth ′ōhi′a forests (Pratt 2005).  A few suitable nest-cavity trees may exist in the 
pastureland; however, these trees are absent from the koa silviculture where all 
vegetation was mechanically removed. 
 
Similarly, ′Akiapōlā′au are reliant on old-growth, intact forests for breeding.  However, 
Goldsmith et al. (2005) noted that wood-boring beetles, an important prey, were abundant 
in young koa trees in the reforested pastures in Hakalau Forest National Wildlife Refuge.  
′Akiapōlā′au have been observed in the young koa trees in the refuge (Camp, Pratt, et al. 
2009), and it may be that they are using the koa silviculture stands in the altered stratum 
in the same way. 
 
The intact forest also serves as a source for native vegetation for areas where there is not 
a seed bank (i.e., dozed area for koa silviculture) or where the seed bank has been 
depleted (i.e., in pasturelands that have been grazed for extended periods).  Without the 
adjacent intact forest colonization of native plants in the altered stratum is limited (see 
Drake 1992, Drake and Mueller-Dombois 1993), which could hinder succession of trees 
and understory plants, and delay the recovery of bird populations. 
 
Trends were not estimated well enough for the listed species to make strong conclusions; 
the models either provided weak evidence amongst the three trends or the models failed 
to converge.  Densities of the endangered birds were very low in both the intact and 
altered forest strata (<< one bird per ha), and this may have precluded trends detection.  
Two additional explanations are that densities either varied substantially (e.g., 
′Akiapōlā′au) or the uncertainty about the estimates is large (seen in all three listed birds).  
Distance sampling model assumptions were not violated, and with minimal pooling, 
adequate numbers of birds were detected to estimate densities.  



11 
 

 
Power to detect changes in listed bird distribution and densities is low.  Therefore, it may 
be necessary to monitor changes in the common birds as a surrogate or proxy for the 
listed birds.  Surrogate species serve as a measure of the environmental conditions that 
exist in a given locale and may indicate how the listed birds respond to conservation and 
management activities (Caro and O’Doherty 1999).  Additionally, the effectiveness of 
management will equally benefit the surrogate and listed birds, although this relationship 
has not been rigorously tested.  In this situation, the value of using common birds as 
surrogate is to provide inference for the listed species that cannot be feasibly monitored 
directly.  Caro and O’Doherty (1999) provide a framework for identifying the various 
types and attributes of indicator species, and the most appropriate type is the one that 
assess the changes in population of other species, termed population indicators.  There 
are considerable difficulties in identifying and extrapolating between the target and 
surrogate species, including assuming that the surrogate species provides a direct 
correlation with the listed birds for which they are serving as surrogate. 
 
Caro and O’Doherty (1999) identify five key attributes of surrogate species:  (1) 
measurement attributes, (2) life-history traits, (3) ecological characteristics, (4) 
abundance (attributes of commonness and rarity), and (5) sensitivity to environmental 
change.  In general, the biology of the surrogate should be well known and the surrogate 
easily sampled.  The generation time should be short; however, this may be relaxed as 
long as the growth rates of the surrogate mirror those of the listed birds.  It is best if the 
surrogate is a resident and therefore is subject to the same environmental stressors as the 
listed birds.  It is also advantageous if the surrogate population is large and widely 
distributed because large populations are usually easier to monitor.  Finally, the surrogate 
must be sensitive to changes in the environment due to management and possess low 
levels of individual variability in response to management and environmental changes.  
Given those criteria, it is possible to categorize the non-listed native birds according to a 
selection profile to identify which bird(s) is the most appropriate surrogate for the listed 
passerines (Table 8).  Because of the differences in niche requirements and life history 
traits we eliminated the two non-honeycreepers—Hawai′i ′Elepaio and ′Ōma′o.  ′Apapane 
possess several similar attributes as the listed passerines but were eliminated as a 
surrogate because they are super abundant and make large-scale movements tracking 
flowering phenology (Ralph and Fancy 1995).  Both the Hawai′i ′Amakihi and ′I′iwi are 
good candidate surrogate species for the listed passerines.  Hawai′i ′Amakihi and ′I′iwi 
portray many of the same attributes and patterns as the listed passerines, and both species 
are abundant enough to reliably track changes in occupancy and density.  The largest 
difference between Hawai′i ′Amakihi and ′I′iwi is that Hawai′i ′Amakihi are resident to 
the area and are therefore not exposed to threats outside the proposed SHA.  Whereas, 
I′iwi, which are very susceptible to avian diseases (Atkinson and LaPointe 2009) and are 
considered as an indicator of forest health, make large-scale movements to track 
flowering phenology exposing them to external threats. 
 
In 2007, Gorresen et al. (2008) surveyed 15 stations using ′Io playback calls in the 
Keauhou-Kīlauea region.  Six birds were detected on four stations (% occurrence = 26.7, 
bird per station = 0.4), and ′Io density was estimated to be about one bird every two km2 
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(0.51 ± 0.34 birds/km2; mixed exotic forest, shrubland, and grassland including forestry 
plantations in the Puna region; Gorresen et al. 2008).  Monitoring ′Io is difficult because 
they defend large territories and are very mobile, and there were very few sampling 
stations in the altered stratum (four stations).  Furthermore, ′Io have low detection 
probabilities unless counts incorporate playback calls.  Therefore, and like the listed 
passerines, it is difficult to assess the status of ′Io, except to say that they exist at low 
densities in both strata. 
 
Occurrence of common birds 
In the altered forest stratum, the common native birds were detected on at least two-thirds 
of the stations, and three birds—′Ōma′o, Hawai′i ′Amakihi, and ′Apapane—were detected 
on all or almost all altered forest stations.  Within the study area, ′Apapane were 
ubiquitous despite habitat and elevation differences.  ′Apapane were detected on all of the 
intact and altered strata stations in 2008 and all but two stations during the 2006 survey in 
the lower portion of Keauhou.  ′Ōma′o occurrence was almost nine percent lower in the 
intact forest stratum (88% occurrence) and 17% lower in the low elevation surveyed 
(80% occurrence) than in the altered forest stratum (97% occurrence).  Likewise, Hawai′i 
′Amakihi occupancy was substantially lower in the adjacent closed and low elevation 
forests (23% and 58% lower, respectively) then in the altered forest stratum (99% 
occurrence). 
 
Occupancy was slightly lower for the Hawai′i ′Elepaio and ′I′iwi.  Hawai′i ′Elepaio were 
detected on almost twice as many stations in the altered stratum than in the intact forest.  
This pattern was less pronounced for the ′I′iwi but with slightly more stations being 
occupied in the intact forest than in the altered stratum.  Occurrence was very low for 
both the Hawai′i ′Elepaio and ′I′iwi in the lower elevations of Keauhou. 
 
Status and trends of common birds 
Densities of Hawai′i ′Elepaio and Hawai′i ′Amakihi were greater in the altered stratum 
than in the intact stratum.  In contrast, ′I′iwi and ′Apapane densities were greater in intact 
than altered stratum.  Differences between the strata were not significant for ′Ōma′o.  
Trends for most of the common birds were definitive with strong or very strong evidence 
of decreasing, stable or increasing trends.  The only exception was the trend of Hawai′i 
′Amakihi in the intact forest, which portrayed weak evidence for both stable and 
declining trends, and very weak evidence for increasing trends.  This indicates that there 
is insufficient evidence to decide if ′amakihi is declining slowly or remaining the same.  
There is adequate power to detect differences in densities and declining trends for most of 
the common birds, at least given substantial declines of 50% over 10 years. 
 
Monitoring Future Changes in Forest Bird Populations 
Reliable density estimates allow for comparing the state of the bird population to the 
established baseline.  Given the historical fluctuations in bird occurrences and densities, 
and the relatively small area of the proposed SHA the current annual sampling frequency 
and numbers of stations sampled (about 150 stations) will be needed to maintain marginal 
levels of power to detect declines in densities or trends of the listed birds, and to assess 
net conservation benefits. 



13 
 

 
Assessing changes in bird status can be accomplished by comparing current bird 
distributions and densities to the baseline.  It may be difficult to detect changes initially 
because there is a relatively large amount of variability in bird status.  For example, bird 
occurrence changes seasonally and annually, and densities are relatively imprecise (i.e., 
average annual coefficient of variation exceed 55% for listed birds; see Appendix 3).  
Additionally, statistical tests that compare end-point estimates (e.g., two-sample z-test of 
bird densities) have lower power to detect change than tests based on a time-series (e.g., 
repeated measures regression).  However, the sampling methodology is based on 
probability sampling and when applied correctly the estimates are unbiased and allow for 
calculating estimates of error which facilitates assessing changes in bird distributions and 
densities. 
 
Plotting bird occurrence across the study area is the first measure for tracking the 
population’s spatial distribution.  Although plotting occurrence is not a quantitative 
approach, this method can reveal gross patterns and shifts in bird distributions.  Indices 
(e.g., percent occurrence) can be compared to the baseline and threshold levels set to 
determine net benefits.  Empirical models (e.g., negative binomial distribution) can be 
used to measure and quantify differences in species aggregated spatial distributions; 
however, these approaches may require data beyond the scope of a SHA and at scales 
different from our study. 
 
Comparing density estimates is more straightforward than tracking spatial distribution.  
For example, until a sufficiently long time-series can be acquired, future population 
densities can be compared to the baseline using a two-sample z-test end-point comparison 
(Buckland et al. 2001).  We recommend that end-point comparisons be applied to 
determine if the population has significantly fallen below the baseline.  Once sufficient 
monitoring has occurred to generate a long time-series (e.g., seven to 10 surveys) 
regression or repeated-measures regression methods can be applied to assess trends, in 
addition to end-point comparisons.  Camp et al. (2008) and Camp, Pratt, et al. (2009) 
provide detailed methods for assessing trends in bird densities using log-link regression 
in a Bayesian framework.  These methods can be used to assess short-term trajectories 
(e.g., < 10 consecutive surveys) and long-term trends (e.g., > 10 consecutive surveys) in 
bird densities. 
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Figure 1.  Location of bird survey transects and intact/altered forest strata in the 
Keauhou-Kīlauea Forest study area. 
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Figure 2.  Examples of altered and intact forest strata. (a) Altered forest stratum 
consisting of formerly grazed and koa silviculture. 

(a) 
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Figure 3.  Examples of altered and intact forest strata. (b) Native rainforest representative 
of the intact forest stratum.

(a) 

(b) 
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Figure 3.  Annual density estimates (birds/ha) and 95% confidence intervals for native 
birds in intact forest (solid circle; solid line) and altered forest (open circles; dashed line) 
strata within the Keauhou-Kīlauea Forest study area in the Keauhou-Kīlauea region.  
Trend lines for ′Akiapōlā′au in the intact forest stratum and Hawai′i ′Ākepa in the altered 
forest stratum were calculated from least squares regression using an exponential model 
because the Bayesian based model failed to converge. 
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Figure 4.  Location of the three endangered species—′Akiapōlā′au, Hawai′i Creeper, and 
Hawai′i ′Ākepa—detected during the 2008 forest bird survey in the Keauhou-Kīlauea 
Forest study area.  Size of dots was used to plot occurrence where more than one species 
was detected at a station and does not indicate a difference in bird abundance. 
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Table 1.  Transects sampled during annual surveys conducted within the Keauhou and Kīlauea Forest study area in the Keauhou-
Kīlauea sampling region.  Survey transects are identified by number. 
 

Year Transects 
1993 282 290 291 292 293 300 301 302 303  310 311        
1994 282 290 291 292 293 300              
1995 282 290 291 292 293 300              
1996 282 290 291 292 293 300 301             
1997 282 290 291 292 293 300 301             
1998 282 290 291 292 293 300 301             
1999 282 290 291 292 293 300              
2000 282 290 291 292 293 300 301             
2001 282 290 291 292 293 300 301             
2002 282 290 291 292 293 300 301             
2003 282 290 291 292 293 300 301             
2004                    
2005 282 290 291 292 293 300              
2006 282 290 291 292 293 300  302 303 309 310 311 312 313 314 315 316 317 318 
2007 282 290 291 292 293 300 301             
2008 282 290 291 292 293 300 301             
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Table 2.  Number of stations sampled, by forest stratum and totals, during annual surveys 
conducted within the Keauhou-Kīlauea Forest study area.  A limited number of stations 
were sampled during all 14 annual surveys; 31 in the intact forest stratum, and 20 stations 
in the altered forest stratum. 
 

Year No. Stations in 
Intact Forest 

No. Stations in 
Altered Forest 

Sum of Stations 
Sampled 

Survey Dates 

1994 78 59 137 19 Jan. – 9 Mar. 
1995 77 60 137 12 – 30 Jan. 
1996 57 54 111 16 – 19 Jan. 
1997 80 73 153 21 – 25 Jan. 
1998 69 76 145 20 Jan. – 1 Feb. 
1999 46 39 85 20 – 22 Jan. 
2000 64 68 132 12 – 14 Jan. 
2001 69 57 126 12 – 14 Mar. 
2002 68 76 144 4 – 5 Feb. 
2003 76 78 154 21 – 22 Jan. 
2005 82 59 141 28 Jan. – 5 May 
2006 86 59 145 21 Feb. – 4 Apr.* 
2007 81 70 151 20 Feb. – 7 Mar. 
2008 86 74 160 13 – 15 Feb. 

* Keauhou Lower survey dates 21 April – 28 May 2006. 
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Table 3.  List of species detected during forest bird surveys in the Keauhou-Kīlauea 
Forest study area, Hawai′i Island.  Origin (E – endemic, V – visitor, and A – alien) of 
birds are presented. 
 
Common Name Scientific Name Origin 
Hawaiian Goose Branta sandvicensis E 
′Io Buteo solitarius E 
Erckel's Francolin Francolinus erckelii A 
Kalij Pheasant Lophura leucomelanos A 
Ring-necked Pheasant Phasianus colchicus A 
Wild Turkey Meleagris gallopavo A 
California Quail Callipepla californica A 
Gambel's Quail Callipepla gambelii A 
Pacific Golden-Plover Pluvialis fulva V 
Rock Dove Columba livia A 
Spotted Dove Streptopelia chinensis A 
Zebra Dove Geopelia striata A 
Barn Owl Tyto alba A 
Hawai′i ′Elepaio Chasiempis sandwichensis E 
Sky Lark Alauda arvensis A 
′Ōma′o Myadestes obscurus E 
Hwamei Garrulax canorus A 
Red-billed Leiothrix Leiothrix lutea A 
Japanese White-eye Zosterops japonicus A 
Common Myna Acridotheres tristis A 
Yellow-billed Cardinal Paroaria capitata A 
Northern Cardinal Cardinalis cardinalis A 
House Finch Carpodacus mexicanus A 
Yellow-fronted Canary Serinus mozambicus A 
Hawai′i ′Amakihi Hemignathus virens E 
′Akiapōlā′au Hemignathus munroi E 
Hawai′i Creeper Oreomystis mana E 
Hawai′i ′Ākepa Loxops coccineus E 
′I′iwi Vestiaria coccinea E 
′Apapane Himatione sanguinea E 
House Sparrow Passer domesticus A 
African Silverbill Lonchura malabarica A 
Nutmeg Mannikin Lonchura punctulata A 
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Table 4.  Results from the 2008 Keauhou-Kīlauea survey:  relative abundance and densities (birds/ha) of native birds in the intact and 
altered forest strata.  Scientific names are provided in Table 3.  Relative abundance included number of stations occupied (#Occ), 
number of individuals detected (# Birds), proportion of stations occupied (i.e., percent occurrence [% Occur]), and birds per station 
(BPS).  Densities are birds/ha and 95% confidence intervals.  The 2008 survey included 86 stations on seven transects in the intact 
forest stratum and 74 stations on six transects in the altered forest stratum.  Gorresen et al. (2008) estimated ′Io densities to be 0.0051 
birds/ha in the mixed exotic forest, shrubland, and grassland including forestry plantations in the Puna region. 
 
Species # Occ # Birds % Occur BPS Density and 95% CI 
Intact Forest      
Hawai′i ′Elepaio 32 46 37.21 0.53 1.63 (1.15—2.32) 
′Ōma′o 76 222 88.37 2.58 1.77 (1.50—2.09) 
Hawai′i ′Amakihi 65 166 75.58 1.93 4.15 (3.32—5.19) 
′Akiapōlā′au 1 1 1.16 0.01 0.01 (0.00—0.08) 
Hawai′i Creeper 4 5 4.65 0.06 0.09 (0.04—0.25) 
Hawai′i ′Ākepa 1 1 1.16 0.01 0.02 (0.00—0.10) 
′I′iwi 75 308 87.21 3.58 8.65 (7.22—10.36) 
′Apapane 86 916 100.00 10.65 35.74 (32.70—39.06) 
      
Altered Forest      
Hawai′i ′Elepaio 49 109 66.22 1.47 4.44 (3.51—5.61) 
′Ōma′o 72 221 97.30 2.99 2.15 (1.88—2.46) 
Hawai′i ′Amakihi 73 323 98.65 4.36 10.06 (8.85—11.44) 
′Akiapōlā′au 5 6 6.76 0.08 0.10 (0.04—0.24) 
Hawai′i Creeper 4 7 5.41 0.09 0.15 (0.05—0.43) 
Hawai′i ′Ākepa 2 5 2.70 0.07 0.11 (0.03—0.40) 
′I′iwi 55 172 74.32 2.32 5.27 (4.20—6.61) 
′Apapane 74 780 100.00 10.54 30.66 (27.92—33.66) 
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Table 5.  Comparison of bird densities between intact and altered forest strata over 14 years in the Keauhou-Kīlauea Forest study area 
using repeated measures analysis of variance.  Stratum differences are averaged over years (Appendix 3) and used to assess fixed 
effects and differences of least squares means repeated measures (below).  Degrees of freedom are provided in subscript to the F and t 
values.  Significant differences between strata were detected for all birds except ′Ōma′o.  Comparisons between strata for Hawai′i 
′Ākepa were not estimated because the sample size was too small. 
 
 Fixed Effects    
 Stratum Year Interaction Differences of Least Squares Means 
Species F value P value F value P value F value P value Estimate ± SE t value P value 
Hawai′i 
′Elepaio 11.851,174 0.001 2.4613,1803 0.003 5.3113,1803 <0.001 -0.26 ± 0.076 -3.44174 <0.001 

′Ōma′o 0.061,171 0.801 12.7713,1804 <0.001 4.5713,1804 <0.001 -0.01 ± 0.034 -0.25171 0.801 
Hawai′i 
′Amakihi 7.161,174 0.008 10.8113,1798 <0.001 8.9413,1798 <0.001 -0.22 ± 0.084 -2.68174 0.008 

′Akiapōlā′au 5.261,181 0.023 3.5613,1843 <0.001 1.5813,1843 0.085 -0.03 ± 0.013 -2.29181 0.023 
Hawai′i 
Creeper 8.811,182 0.003 5.6813,1901 <0.001 2.0813,1901 0.013 0.04 ± 0.014 2.97182 0.003 

Hawai′i 
′Ākepa 23.461,214 <0.001 2.4113,1731 0.003 2.2012,1731 0.010 Non-est   

′I′iwi 9.831,166 0.002 9.9813,1787 <0.001 4.1813,1787 <0.001 0.26 ± 0.084 3.13166 0.002 
′Apapane 37.121,177 <0.001 17.4213,1816 <0.001 9.5413,1816 <0.001 0.22 ± 0.036 6.09177 <0.001 
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Table 6.  Trends in forest bird density within the Keauhou-Kīlauea Forest study area.  Results of Bayesian trends (▲ – increasing; ▼ – 
decreasing; ▬ – stable; ▬▲ – stable to increasing; and ▬▼ – stable to increasing), magnitude change, slope ( β̂ ; 90% credible 
interval), and distribution of Bayesian posterior probabilities for each species are shown for the intact forest (first row; shaded) and 
altered forest (second row) strata.  Threshold limits delineating the ecological relevance of a trend was based on a 25% change in 
density over 25 years.  Proportion of the posterior probability for strong (70% < P < 90%) and very strong (P > 90%) evidence of a 
trend are highlighted in bold.  Models to estimate the ′Akiapōlā′au trend in the intact forest strata and Hawai′i ′Ākepa trend in altered 
forest strata failed to converge; therefore, those trends were estimated using simple linear regression. 
 

Species Trend (magnitude change) β̂  (90% credible interval) Decline Negligible Increase 
Hawai′i ′Elepaio ▼ (49%) -0.028 (-0.044 — -0.012) 95.55% 4.45% <0.01% 
 ▲ (134%) 0.036 (0.022 — 0.050) 0% 0.09% 99.91% 
′Ōma′o ▼ (49%) -0.028 (-0.034 — -0.022) 100% <0.01% 0% 
 ▬ (20%) -0.009 (-0.016 — -0.001) 23.18% 76.82% <0.01% 
Hawai′i ′Amakihi ▬▼ (20%) -0.009 (-0.021 — 0.003) 33.55% 65.98% 0.47% 
 ▲ (400%) 0.069 (0.058 — 0.081) 0% 0% 100% 
′Akiapōlā′au Model failed -0.003 (-0.011 — 0.004) F1,12 = 0.580 P = 0.46  
 No consensus (13%) 0.005 (-0.034 — 0.043) 23.36% 34.54% 42.10% 
Hawai′i Creeper ▼ (64%) -0.042 (-0.086 — -0.001) 88.41% 9.54% 2.05% 
 No consensus (60%) -0.037 (-0.125 — 0.042) 69.09% 14.14% 16.78% 
Hawai′i ′Ākepa ▼ (47%) -0.026 (-0.071 — 0.017) 70.27% 20.90% 8.82% 
 Model failed 0.002 (-0.003 — 0.006) F1,12 = 0.533 P = 0.41  
′I′iwi ▼ (43%) -0.023 (-0.031 — -0.015) 98.49% 1.51% 0% 
 ▼ (34%) -0.017 (-0.028 — -0.005) 75.65% 24.34% 0.01% 
′Apapane ▬ (5%) -0.002 (-0.006 — 0.003) 0.02% 99.98% 0.01% 
 ▲ (77%) 0.024 (0.018 — 0.030) 0% <0.01% 100% 
 



29 
 

Table 7.  Power to detect a 25 or 50 % decline in density and trend.  Coefficients of 
variation were calculated as the standard error divided by the density or slope.  Bold text 
indicates adequate power (≥ 80%) to detect a decline.  Power was not calculated for 
Hawai′i ′Ākepa trends. 
 
 Density Trend 
Species 25% 50% 25% 50% 
Hawai′i ′Elepaio 80 100 42 85 
′Ōma′o 100 100 23 45 
Hawai′i ′Amakihi 100 100 90 100 
′Akiapōlā′au 24 50 13 18 
Hawai′i Creeper 21 41 15 24 
Hawai′i ′Ākepa 19 35 — — 
′I′iwi 85 100 26 55 
′Apapane 100 100 67 100 
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Table 8.  Attributes of surrogate species assigned to common native Hawaiian passerine 
birds.  Attribute categories adapted from Caro and O’Doherty (1999). 
 
 Species 
Attributes Hawai′i 

′Elepaio 
′Ōma′o Hawai′i 

′Amakihi 
′I′iwi ′Apapane 

Well-known biology Yes Yes Yes Yes Yes 
Easily sampled or 
observed 

Moderate Moderate Yes Yes Yes 

Accessible breeding 
site 

Yes Moderate Yes Yes Yes 

Generation time1 Yes Yes Yes Yes Yes 
Resident or 
migratory2 

R R R M M 

Particular trophic 
level3 

Yes Yes No Yes Yes 

Large population 
size 

Yes Yes Yes Yes Yes 

Wide geographic 
range 

Yes Yes Yes Yes Yes 

Habitat specialist No No No No No 
Sensitive to human 
disturbance 

Yes Yes No No No 

Low variability in 
response 

Yes Yes Yes Yes Yes 

Occupancy matches 
listed species 

Yes No Yes No No 

Trend matches listed 
species 

No Yes Partially Yes No 

 
1 Generation time approximately matches listed species. 
2 Migratory behaviors include daily large-scale movements tracking flowering 
phenology. 
3 Species that occupy particular trophic levels (e.g., feeding niches). 
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Appendix 1.  Detection function models and distance histograms. 
 
a) 
A hazard-rate key function without covariates was fit to Hawai′i Creeper and Hawai′i 
′Ākepa distance measures.  The Hawai′i Creeper data were also left-tail truncated at 3.0 
m.  A hazard-rate key detection function with the covariate representing observer was fit 
to Hawai′i ′Elepaio and ′Ōma′o distance measures, and the covariate representing year 
was fit to ′Akiapōlā′au distance measures.  ′I′iwi distance measures were fit with the 
hazard-rate key function and a simple polynomial expansion series of order two, and the 
covariate representing observer.  The half-normal key function with the covariate 
representing observer was fit to the Hawai′i ′Amakihi distance measures.  This same key 
detection function and covariate, and a hermite polynomial expansion series of order two 
was fit to ′Apapane distance measures. 
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b) Appendix 1 cont.
Hawai′i ′Elepaio 

 
Hawai′i ′Amakihi 

 
Hawai′i Creeper 

  
′Ōma′o 

  
 
 
 

 
′Akiapōlā′ au 

 
Hawai′i ′Ākepa 

 
′I′iwi 

 
′Apapane 
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Appendix 2.  Species list and relative abundance of native and alien birds detected during 
the 2006 survey in the lower elevations of Keauhou (transects 312-318; 158 stations).  
Scientific names provided in Table 3.  Relative abundance included number of stations 
occupied (#Occ), number of individuals detected (# Birds), proportion of stations 
occupied (i.e., percent occurrence [% Occur]), and birds per station (BPS). 
 
Species # Occ # Birds % Occur BPS 
′Io 2 2 1 0.01 
Kalij Pheasant 1 2 1 0.01 
Wild Turkey 13 17 8 0.11 
Spotted Dove 1 1 1 0.01 
Zebra Dove 1 1 1 0.01 
Hawai′i ′Elepaio 14 17 9 0.11 
Sky Lark 11 13 7 0.08 
′Ōma′o 126 289 80 1.83 
Red-billed Leiothrix 34 114 22 0.72 
Japanese White-eye 135 286 85 1.81 
Common Myna 8 13 5 0.08 
Yellow-billed Cardinal 2 3 1 0.02 
Northern Cardinal 79 140 50 0.89 
Hawai′i ′Amakihi 64 111 41 0.7 
′Akiapōlā′au 1 1 1 0.01 
′I′iwi 7 10 4 0.06 
′Apapane 156 822 99 5.2 
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Appendix 3.  Native bird density (birds/ha ± SE) and 95% confidence intervals by forest 
stratum (intact or altered) from annual surveys conducted between 1994 and 2008 within 
the Keauhou-Kīlauea Forest study area.  The 2004 survey data were not available.  A ‘—’ 
denoted densities of zero birds.  Summary statistics, average density (SD), and 
differences in least squares means (DLSM)(SE), used in the repeated measures analysis, 
are provided (statistical results are presented in Table 5). 
 
Hawai′i ′Elepaio  

Year Intact Stratum Altered Stratum 
1994 2.79 ± 0.460 (2.01—3.87) 2.40 ± 0.453 (1.65—3.49) 
1995 2.12 ± 0.293 (1.61—2.79) 2.19 ± 0.419 (1.50—3.20) 
1996 1.94 ± 0.368 (1.33—2.83) 4.35 ± 0.552 (3.37—5.60) 
1997 2.85 ± 0.354 (2.23—3.64) 3.23 ± 0.453 (2.44—4.26) 
1998 3.00 ± 0.452 (2.23—4.05) 2.35 ± 0.346 (1.76—3.15) 
1999 2.85 ± 0.602 (1.87—4.34) 3.63 ± 0.569 (2.65—4.97) 
2000 2.59 ± 0.371 (1.95—3.44) 2.87 ± 0.439 (2.12—3.89) 
2001 1.35 ± 0.279 (0.90—2.03) 4.43 ± 0.655 (3.30—5.95) 
2002 1.78 ± 0.344 (1.21—2.61) 3.91 ± 0.526 (2.99—5.10) 
2003 1.86 ± 0.346 (1.29—2.69) 3.72 ± 0.390 (3.02—4.58) 
2005 2.28 ± 0.311 (1.74—2.98) 4.83 ± 0.560 (3.84—6.09) 
2006 2.17 ± 0.339 (1.59—2.95) 2.46 ± 0.394 (1.79—3.38) 
2007 1.69 ± 0.275 (1.22—2.33) 4.79 ± 0.584 (3.75—6.10) 
2008 1.63 ± 0.291 (1.15—2.32) 4.44 ± 0.523 (3.51—5.61) 

Average 2.21 (0.53) 3.54 (0.96) 
DLSM 0.730 (0.0531) 0.992 (0.0542) 

   
′Ōma′o   

Year Intact Stratum Altered Stratum 
1994 2.22 ± 0.114 (2.01—2.46) 2.08 ± 0.161 (1.79—2.43) 
1995 3.11 ± 0.185 (2.76—3.50) 2.59 ± 0.147 (2.31—2.90) 
1996 2.43 ± 0.139 (2.17—2.73) 2.81 ± 0.195 (2.45—3.23) 
1997 2.63 ± 0.138 (2.37—2.92) 2.36 ± 0.165 (2.05—2.71) 
1998 2.50 ± 0.153 (2.21—2.82) 2.20 ± 0.154 (1.92—2.53) 
1999 2.53 ± 0.166 (2.22—2.89) 2.31 ± 0.247 (1.86—2.86) 
2000 3.27 ± 0.143 (3.00—3.57) 2.42 ± 0.160 (2.12—2.76) 
2001 1.69 ± 0.116 (1.47—1.93) 1.71 ± 0.142 (1.44—2.02) 
2002 1.97 ± 0.131 (1.72—2.25) 1.61 ± 0.122 (1.38—1.87) 
2003 2.55 ± 0.171 (2.23—2.92) 2.18 ± 0.161 (1.88—2.53) 
2005 1.81 ± 0.138 (1.56—2.11) 2.07 ± 0.148 (1.79—2.39) 
2006 2.36 ± 0.083 (2.20—2.53) 2.46 ± 0.159 (2.16—2.80) 
2007 1.63 ± 0.113 (1.42—1.87) 2.28 ± 0.137 (2.02—2.56) 
2008 1.77 ± 0.149 (1.50—2.09) 2.15 ± 0.146 (1.88—2.46) 

Average 2.32 (0.51) 2.23 (0.32) 
DSLM 1.110 (0.0236) 1.118 (0.0241) 
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Appendix 3 cont.  Native bird density within the Keauhou-Kīlauea forest study areas. 
Hawai′i ′Amakihi  

Year Intact Stratum Altered Stratum 
1994 4.90 ± 0.709 (3.68—6.53) 2.65 ± 0.519 (1.80—3.90) 
1995 4.88 ± 0.460 (4.04—5.88) 3.77 ± 0.507 (2.89—4.93) 
1996 3.36 ± 0.483 (2.52—4.47) 4.25 ± 0.567 (3.26—5.55) 
1997 3.71 ± 0.474 (2.88—4.78) 4.28 ± 0.554 (3.31—5.53) 
1998 3.60 ± 0.412 (2.87—4.52) 2.65 ± 0.373 (2.00—3.50) 
1999 5.27 ± 0.718 (4.01—6.92) 3.92 ± 0.689 (2.76—5.58) 
2000 4.33 ± 0.361 (3.67—5.11) 3.59 ± 0.430 (2.83—4.56) 
2001 3.83 ± 0.538 (2.90—5.07) 7.81 ± 0.754 (6.44—9.47) 
2002 5.86 ± 0.607 (4.77—7.20) 6.75 ± 0.627 (5.62—8.12) 
2003 4.87 ± 0.558 (3.88—6.11) 6.54 ± 0.558 (5.52—7.75) 
2005 3.50 ± 0.465 (2.69—4.56) 6.67 ± 0.685 (5.43—8.19) 
2006 5.08 ± 0.507 (4.17—6.19) 5.73 ± 0.452 (4.89—6.70) 
2007 2.54 ± 0.363 (1.92—3.37) 5.65 ± 0.562 (4.63—6.88) 
2008 4.15 ± 0.468 (3.32—5.19) 10.06 ± 0.649 (8.85—11.44) 

Average 4.28 (0.91) 5.31 (2.12) 
DSLM 1.168 (0.0587) 1.391 (0.0597) 

   
′Akiapōlā′au   

Year Intact Stratum Altered Stratum 
1994 0.03 ± 0.023 (0.01—0.11) 0.06 ± 0.047 (0.02—0.24) 
1995 0.08 ± 0.041 (0.03—0.21) 0.02 ± 0.021 (0.00—0.11) 
1996 0.07 ± 0.038 (0.02—0.19) 0.09 ± 0.045 (0.04—0.24) 
1997 0.06 ± 0.031 (0.02—0.16) 0.12 ± 0.041 (0.06—0.23) 
1998 0.13 ± 0.079 (0.04—0.40) 0.23 ± 0.079 (0.12—0.44) 
1999 0.19 ± 0.068 (0.10—0.38) 0.10 ± 0.055 (0.03—0.28) 
2000 0.24 ± 0.089 (0.11—0.49) 0.30 ± 0.084 (0.18—0.52) 
2001 0.04 ± 0.026 (0.01—0.13) 0.36 ± 0.102 (0.20—0.63) 
2002 0.04 ± 0.026 (0.01—0.13) 0.10 ± 0.046 (0.04—0.24) 
2003 0.13 ± 0.051 (0.06—0.28) 0.16 ± 0.054 (0.08—0.31) 
2005 0.10 ± 0.051 (0.04—0.26) 0.16 ± 0.088 (0.05—0.45) 
2006 0.07 ± 0.044 (0.02—0.22) 0.15 ± 0.069 (0.06—0.36) 
2007 — 0.07 ± 0.035 (0.03—0.18) 
2008 0.01 ± 0.014 (0.00—0.08) 0.10 ± 0.046 (0.04—0.24) 

Average 0.08 (0.07) 0.14 (0.09) 
DSLM 0.049 (0.0091) 0.079 (0.0095) 

   
Hawai′i Creeper  

Year Intact Stratum Altered Stratum 
1994 0.11 ± 0.064 (0.04—0.32) 0.17 ± 0.089 (0.06—0.46) 
1995 0.18 ± 0.079 (0.08—0.42) 0.06 ± 0.056 (0.01—0.30) 
1996 0.09 ± 0.066 (0.02—0.33) — 
1997 0.11 ± 0.055 (0.04—0.28) 0.18 ± 0.083 (0.07—0.43) 
1998 0.73 ± 0.178 (0.45—1.18) 0.27 ± 0.089 (0.14—0.51) 
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Appendix 3 cont.  Native bird density within the Keauhou-Kīlauea forest study areas. 
Year Intact Stratum Altered Stratum 
1999 0.40 ± 0.161 (0.19—0.87) 0.04 ± 0.043 (0.01—0.23) 
2000 0.11 ± 0.064 (0.03—0.32) 0.05 ± 0.048 (0.01—0.25) 
2001 0.07 ± 0.042 (0.03—0.21) 0.06 ± 0.057 (0.01—0.30) 
2002 0.27 ± 0.099 (0.14—0.55) 0.11 ± 0.080 (0.03—0.40) 
2003 0.04 ± 0.031 (0.01—0.16) 0.04 ± 0.030 (0.01—0.15) 
2005 0.11 ± 0.054 (0.04—0.28) — 
2006 0.16 ± 0.067 (0.07—0.35) 0.11 ± 0.080 (0.03—0.41) 
2007 0.10 ± 0.067 (0.03—0.34) 0.10 ± 0.047 (0.04—0.24) 
2008 0.09 ± 0.050 (0.04—0.25) 0.15 ± 0.085 (0.05—0.43) 

Average 0.18 (0.18) 0.01 (0.08) 
DSLM 0.087 (0.0100) 0.044 (0.0105) 

   
Hawai′i ′Ākepa   

Year Intact Stratum Altered Stratum 
1994 0.15 ± 0.062 (0.07—0.33) 0.11 ± 0.113 (0.02—0.60) 
1995 0.16 ± 0.075 (0.07—0.39) — 
1996 0.09 ± 0.088 (0.02—0.46) — 
1997 0.10 ± 0.062 (0.03—0.31) 0.09 ± 0.054 (0.03—0.27) 
1998 0.41 ± 0.136 (0.22—0.78) — 
1999 0.65 ± 0.241 (0.32—1.34) 0.04 ± 0.043 (0.01—0.23) 
2000 0.16 ± 0.089 (0.05—0.45) 0.02 ± 0.024 (0.00—0.13) 
2001 0.10 ± 0.058 (0.03—0.29) — 
2002 0.24 ± 0.094 (0.12—0.51) 0.07 ± 0.037 (0.02—0.19) 
2003 0.22 ± 0.114 (0.08—0.58) 0.04 ± 0.043 (0.01—0.22) 
2005 0.07 ± 0.037 (0.03—0.19) 0.05 ± 0.037 (0.01—0.19) 
2006 0.33 ± 0.099 (0.18—0.59) 0.03 ± 0.028 (0.01—0.15) 
2007 0.08 ± 0.039 (0.03—0.20) 0.05 ± 0.033 (0.01—0.17) 
2008 0.02 ± 0.019 (0.00—0.10) 0.11 ± 0.079 (0.03—0.40) 

Average 0.20 (0.17) 0.04 (0.04) 
DSLM 0.089 (0.0108) Not estimated 

   
′I′iwi   

Year Intact Stratum Altered Stratum 
1994 8.54 ± 0.557 (7.50—9.72) 6.61 ± 0.689 (5.37—8.14) 
1995 9.33 ± 0.678 (8.08—10.78) 5.60 ± 0.505 (4.67—6.70) 
1996 9.15 ± 1.025 (7.32—11.45) 7.89 ± 0.690 (6.62—9.40) 
1997 9.65 ± 0.536 (8.65—10.78) 7.41 ± 0.483 (6.51—8.43) 
1998 7.30 ± 0.755 (5.94—8.97) 3.96 ± 0.418 (3.21—4.88) 
1999 9.99 ± 0.730 (8.63—11.57) 5.43 ± 0.729 (4.14—7.12) 
2000 7.51 ± 0.695 (6.24—9.03) 4.33 ± 0.397 (3.61—5.20) 
2001 6.25 ± 0.513 (5.31—7.36) 6.93 ± 0.705 (5.66—8.49) 
2002 9.04 ± 0.635 (7.86—10.4) 6.83 ± 0.640 (5.67—8.23) 
2003 6.86 ± 0.606 (5.76—8.18) 4.37 ± 0.410 (3.63—5.27) 
2005 5.62 ± 0.546 (4.63—6.81) 5.24 ± 0.620 (4.14—6.64) 
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Appendix 3 cont.  Native bird density within the Keauhou-Kīlauea forest study areas. 
Year Intact Stratum Altered Stratum 
2006 6.79 ± 0.389 (6.06—7.60) 3.41 ± 0.462 (2.61—4.47) 
2007 6.27 ± 0.736 (4.97—7.92) 6.60 ± 1.004 (4.89—8.93) 
2008 8.65 ± 0.787 (7.22—10.36) 5.27 ± 0.601 (4.20—6.61) 

Average 7.93 (1.43) 5.71 (1.37) 
DSLM 1.783 (0.0587) 1.521 (0.0597) 

   
′Apapane   

Year Intact Stratum Altered Stratum 
1994 38.08 ± 2.037 (34.23—42.35) 19.49 ± 1.608 (16.52—22.98) 
1995 28.81 ± 1.366 (26.22—31.66) 22.03 ± 1.699 (18.89—25.70) 
1996 29.31 ± 1.759 (25.99—33.05) 24.13 ± 1.515 (21.28—27.36) 
1997 42.87 ± 1.852 (39.34—46.72) 31.11 ± 1.692 (27.92—34.67) 
1998 40.26 ± 1.731 (36.96—43.87) 21.69 ± 1.492 (18.92—24.87) 
1999 40.74 ± 2.021 (36.87—45.01) 35.37 ± 2.603 (30.49—41.04) 
2000 39.94 ± 2.209 (35.77—44.60) 33.25 ± 2.211 (29.12—37.96) 
2001 29.77 ± 1.622 (26.70—33.19) 30.59 ± 1.484 (27.76—33.71) 
2002 45.42 ± 1.499 (42.53—48.51) 43.97 ± 2.379 (39.48—48.97) 
2003 39.23 ± 1.577 (36.21—42.50) 31.30 ± 1.377 (28.67—34.16) 
2005 31.12 ± 1.282 (28.67—33.78) 29.01 ± 1.444 (26.26—32.04) 
2006 30.34 ± 1.047 (28.33—32.50) 29.16 ± 1.044 (27.15—31.33) 
2007 38.78 ± 2.156 (34.72—43.31) 36.57 ± 2.370 (32.14—41.61) 
2008 35.74 ± 1.597 (32.70—39.06) 30.66 ± 1.441 (27.92—33.66) 

Average 36.46 (5.57) 29.88 (6.57) 
DSLM 3.515 (0.0249) 3.297 (0.0256) 
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