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Forest bird distribution, density and
trends in the Ka'ui region of Hawai |
Island

by P. Marcos Gorresen, Richard J. Camp, and Thane K. Pratt

Executive Summary

In the Ka'a District on the Island of Hawai'i lies perhaps the largest intact stretch
of native rainforest in the state, one of critical importance to the conservation of
Hawaiian forest birds. The original vegetation of this 47,408 ha (474 km?) tract is native
forest, woodland, and shrubland, although the southwest and subalpine margins have
been historically grazed and are pasture to varying degrees. The tract is centered on the
Ka" @ and Kapapala Forest Reserves owned and managed by the State of Hawai'i, and
include inholdings belonging to Kamehameha Schools and The Nature Conservancy.
Recently, Kahuku Ranch to the north and southwest was incorporated into Hawai'i
Volcanoes National Park. Together these lands harbor the second largest concentration
of native forest birds on Hawai i Island, including populations of three endangered
Hawaiian honeycreepers.

To understand the status of forest birds in the Ka @ forest, it has been a
conservation goal to survey and monitor their populations. This report presents analysis
of the 30-year history of monitoring in this important bird habitat. The objectives of the
study were to (1) examine the distribution of native and exotic forest birds; (2) estimate
population sizes; and (3) estimate trends in population density. The five forest bird
surveys analyzed herein were conducted between 1976 and 2005 by the State of Hawai'i
Division of Forestry and Wildlife, the National Park Service, U.S. Geological Survey,
and U.S. Fish and Wildlife Service, and include a total of 54 transects and 1,952 stations.
The most recent of these surveys, in 2005, sampled bird populations at a much finer scale
than previous surveys, and although limited to elevations above 1,500 m, these surveys
are the first to give up-to-date information at greater accuracy for bird populations in
habitat above the elevational zone afflicted by mosquito-borne bird diseases (Tweed et al.
In review). Species-habitat models were developed to predict densities for the entire
study area for 7 of the 11 species treated herein.

The distributions of the three endangered species - “Akiapola au, Hawai'i
Creeper, Hawai'i “Akepa — are restricted to a narrow (3 — 4 km) band of forest and
adjacent woodland above 1,500 m. These species show no trend in density at high
elevations, but have been extirpated from habitat below 1,500 m since the 1976 Hawaii
Forest Bird Survey. Current population estimates for “Akiapola au are 1,073 (+ 307 SE)
birds, for Hawai'i Creeper, 2,268 (+ 797 SE), and for Hawai'i “Akepa, 2,556 (+ 863 SE).

With a population numbering about 14,600 (+ 4,300 SD) birds, the Hawai'i
“Elepaio also exhibits a restricted distribution and is mostly concentrated towards the



northeastern third of the study area. There is tentative evidence of a contraction in the
species’ range and a decline in density since 1976. Encouragingly, about two-thirds of its
population occurs below 1,500 m and may indicate that Hawai i "Elepaio are either to
some degree resistant to avian malaria or the disease may not be as prevalent in this area
as it is in other montane habitats.

“I'iwi are common within much of the forest habitat in the study area, and the
population size was estimated at about 78,000 (+ 9,000 SD) individuals. As much as
40% of the "I'iwi population may be seasonally present below 1,500 m. The greater part
of this low elevation distribution occurs in drier forest in the northeastern third of the
study area. Given the observed decline in "I'iwi in Ka't (and elsewhere) and the species’
susceptibility to avian malaria, the population would likely benefit from habitat
restoration and protection in this area.

Oma’o, Hawai'i "Amakihi, and “Apapane are widely distributed in the study area,
and have sizable populations (about 82,000 [+ 7,000 SD], 155,000 [+ 9,000 SD], and
492,000 [+ 24,000 SD], respectively). The proportion of these species’ populations
observed and predicted to occur below 1,500 m ranged from 34% (Hawai'i "Amakihi)
and 41% ("Apapane) up to 64% (Oma’o). Their occurrence, in places down to 700 m,
indicates that these birds may be survivors of prior malaria infections. The apparent
downward trends detected for Oma“o and Hawai'i “Amakihi are in doubt given the
observed high variability in density. The upward trend in “Apapane density at low
elevations appears reliable.

The densities of non-native birds appear stable and relatively low at upper
elevations. Red-billed Leiothrix is the only non-native species to demonstrate an upward
trend at low elevations. The population size of Red-billed Leiothrix, Japanese White-eye
and Northern Cardinal were estimated at about 39,000 (+ 5,000 SD), 245,000 (+ 33,000
SD), and 11,000 (+ 2,500 SE) birds, respectively.

The difficulty in reliably discerning trends in density and changes in the extent of
a species’ range indicate that the current survey program should be reevaluated. We
propose the establishment of a comprehensive monitoring framework that intensively
samples select areas and extensively samples a larger region to provide both the *“close-
ups” and the “big picture” needed to anticipate and follow changes in bird numbers,
occurrence and distribution. The relative uncertainty associated with densities predicted
by species-habitat models is greatest in under-sampled habitats and where observed
density is low and variable. Surveys should be designed to provide a broader coverage of
sampled habitats or specific areas within selected species’ range. To a large extent, such
a program can build on recent surveys in the region.

The current practice of conducting surveys in late winter and spring is supported
by the data, which show that mid-spring counts coincide with the period when the
majority of species are most vocal in Ka'@. For trend analyses, it is important to maintain
as consistent a survey schedule as logistically feasible to minimize measurement error.

Variable circular-plot and other count methods are relatively ineffective at
tracking trends of rare species such as “Akiapola“au, Hawai'i Creeper and Hawai'i
“Akepa. Demographic studies for these species should be considered in the Ka'a study
area.



Introduction

An accurate and current measure of population status and trend is necessary for
conservation and management efforts. Scott and Kepler (1985) provided a
comprehensive review of the status of native Hawaiian birds based on the extensive
Hawaii Forest Bird Survey (HFBS) of the main islands (Scott et al. 1986). At that time,
they documented declining populations and decreasing ranges for most species, and the
extinction of several species over the previous 50 years. Many native bird species
continue to decline throughout Hawai'i (Camp et al. In review, Gorresen et al. In prep.).

The focus of this study is the mid-to-high elevation rainforest on the southeast
windward slopes of Mauna Loa Volcano (Figure 1). Known as Ka'@, the region
encompasses forest lands protected by Kamehameha Schools, The Nature Conservancy,
Hawai i Volcanoes National Park (HVNP), and the State of Hawai 'i”’s Ka'a Forest
Reserve, Kapapala Forest Reserve and Kapapala Cooperative Game Management Area,.
Together these lands support one of three main concentrations of native forest birds on
the Hawai'i Island (the other two being centered on the Hakalau Forest National Wildlife
Refuge and Kilani-Keauhou area in the north and central windward part of the island,
respectively.)

Because this region harbors important populations of native and endangered forest
birds in some of the best remaining forest habitat on the island, it has been a focus of
forest bird surveys since the 1970s. The Ka'a region was first quantitatively surveyed in
1976 by the Hawaii Forest Bird Survey (Scott et al. 1986). Surveys were conducted by
State of Hawai i Division of Forestry and Wildlife in 1993 and 2002 and by the U.S.
National Park Service and the U.S. Geological Survey in 2004 and 2005.

In this report, we present analyses of the density, distribution and trends of native
and introduced forest bird within the Ka'a region of Hawai'i Island. The analyses cover
only those species with sufficient detections to model detection probability and calculate
density. These include three endangered native passerines: “Akiapola‘au (Hemignathus
munroi), Hawai'i Creeper (Oreomystis mana), and Hawai'i “Akepa (Loxops coccineus);
five more common native passerines: the Hawai'i "Elepaio (Chasiempis sandwichensis),
*Oma’o (Myadestes obscurus), Hawai'i *Amakihi (Hemignathus virens), "I'iwi (Vestiaria
coccinea) and “Apapane (Himatione sanguinea); and three non-native species: Red-billed
Leiothrix (Leiothrix lutea), Japanese White-eye (Zosterops japonicus), and Northern
Cardinal (Cardinalis cardinalis).

Methods

Study Area

The 47,408 ha (474 km?) region comprising the Ka i study area lies just east of
the South Rift Zone on the southeast windward slope of Mauna Loa Volcano on Hawai'i
Island, and is located between 600 and 2,400 m elevation (Figure 2). Forest bird habitat
consists of four general landcover types (excluding exposed lava terrain, fallow caneland,
open pasture and exotic tree plantations): 1) native forest, 2) forested pasture, 3) sub-
alpine woodland, and 4) sub-alpine scrubland. The native forest is comprised primarily
of mature mesic and wet "ohi a (Metrosideros polymorpha) vegetation associations that
include varying amounts of koa (Acacia koa) and understory components such as tree-
fern (hapu u [Cibotium glaucum]) and matted-fern (uluhe; primarily Dicranopteris



linearis). Forested pasture makes up much of the vegetation along the southern portion
of the study area. The area largely has been used for cattle ranching over the past 150
years, and the canopy cover and understory composition has been altered considerably
from its original condition as mesic and wet koa-"ohi a forest. Currently, the area
consists of pasture with isolated trees and small stands of native forest. The dry sub-
alpine woodland and shrubland at the northwestern and upland edge of the study area is
dominated by “ohi"a, pukiawe (Leptecophylla tameiamaeiae) and other shrub species.

Bird Sampling

As elsewhere in much of Hawai'i, the HFBS established the basis for long-term
population monitoring with survey transects throughout the Ka'a study area (Scott et al.
1986). The HFBS in Ka'a was conducted in 1976, and spanned almost the entire
elevation gradient (600-2,300 m) of forest habitat in the region (Figure 3). Within the
study area, the HFBS sampled a total of 874 stations established at 100 m intervals and
along transects spaced about 3 km apart. Surveys subsequent to the HFBS were carried
out in 1993, 2002, 2004 and 2005 across smaller portions of the study area. The 1993
and 2002 surveys were carried out by the Hawai'i Division of Forestry and Wildlife
(DOFAW) for the central part of the study area (Camp et al. In review). Stations were
established at 150 m intervals along five of the 1976 HFBS transects, and totaled to 232
and 214 stations in 1993 and 2002, respectively. In 2004, the U.S. Geological Survey
(USGS) conducted a survey of 147 stations within the Kapapala Forest Reserve and
adjacent Kapapala Cooperative Game Management Area. Both stations and transects for
this survey were spaced at 200 m intervals. In 2005, the USGS and National Park
Service jointly surveyed parts of the Kahuku Unit (newly acquired by HVNP) and the
adjacent Ka'a Forest Reserve (Tweed et al. In review). This survey sampled stations
established at 200 m intervals and along transects spaced 1 km apart. In 2005, the USGS
also sampled an area in southern Ka'a not surveyed since the 1976 HFBS. This survey
was comprised of a single transect running the entire elevation gradient of forest habitat
and stations spaced at 200 m intervals.

All surveys were conducted using variable circular-plot (VCP) count
methodology (Reynolds et al. 1980). VCP counts are a form of distance sampling used
to correct abundance estimates for individuals that go undetected as a function of the
distance between observer and birds. VVCP counts are recorded at observation points (i.e.,
stations) that serve as the centers for estimating radial distances to birds during a count
period.

Accounting for the distance-related decline in bird detectability is complicated by
the variable effects of “nuisance” factors such as observer ability and weather conditions.
Nuisance factors related to observer ability were minimized by calibration and training in
identification of species and the estimation of distances to detected birds. Observers
recorded the species, detection type (auditory, visual, or both), and distance from the
station center point to birds detected during eight-minute counts. Time of sampling and
weather conditions were also recorded, and surveying was halted when conditions
hindered the ability to detect birds (i.e., heavy rain, and wind and gust >20 kph). The
survey data used for analyses excluded observations located outside of the study area and
those not conducted during the breeding season (December to July).



Measures of Bird Abundance and Density

Bird count data were prepared with one of two approaches depending on whether
they were used for trend assessment or species-habitat modeling. Both approaches used
distance-sampling models to correct abundance estimates for detectability. The
difference between approaches lay in the stage at which the corrections were applied.
Count data were adjusted for detectability prior to carrying out trend analyses. In
contrast, bird detections were directly used to develop species-habitat models, and the
predicted abundances derived from the models were subsequently adjusted to account for
unobserved birds; the rationale is described more fully in the section “Modeling Bird
Distribution”.

The program Distance 4.1 (Thomas et al. 2003) was used to develop distance-
based models of bird detectability for the purpose of calculating the area effectively
sampled for each species (referred herein as “detectability models™). Bird counts were
initially examined to derive truncation distances for excluding very distant and unreliable
observations, and to avoid double-counting birds. Data were truncated at the point where
the detection probability was approximately 0.10 (i.e., corresponding to the most distant
observations at the “tail” of the data distribution). A detection function was fit to the
remaining bird observations following the model selection methods described by
Buckland et al. (2001, 2004) and Thomas et al. (2003). Model selection was limited to
half normal and hazard-rate detection functions with expansion series of two orders.
These models are most appropriate for VCP counts and permit assessment of the relative
effects of such factors as survey observer, time of day, cloud cover, rain, wind, gust, year,
and month. Histograms of the count data and the detection function were plotted, and the
fit of the function was examined. If necessary, distant observations were further
truncated to improve the fit of the detection function. Models with varying combinations
of covariates were compared to identify the best fit of detection function and count data.
Selection of the final model for each species was based on that with the lowest Akaike’s
Information Criterion (AIC) score. The final detectability models developed for each
species, including covariates, truncation distances and effective detection radius (i.e., area
sampled), are detailed in Appendix 1. The variance estimates for all detection radius
estimates are reported as standard errors (SE).

Mean annual density and variance estimates were obtained by a bootstrap method
in Distance (Buckland et al. 2001). The method involves taking a random sample with
replacement of the detections observed at stations in each study area, and re-running the
analysis to estimate densities for each of 999 iterations. The 95% confidence intervals
(CI) for the mean annual density estimates were derived from the 5 and 95" percentiles
of the bootstrapped estimates. The variance estimates for all density estimates are
reported as standard errors.

Measures of Bird Habitat Attributes

The 47,408 hectare Ka'a study area was delineated with a minimum concave
polygon extending up to 1-kilometer around all survey stations. This restricted
delineation ensured that density predictions were not generated from habitat values much
beyond the range of those used to fit the species-habitat models. We selected habitat
variables for investigation based on published ecological studies in Hawai'i and
elsewhere (e.g., Scott et al. 1986, Dettmers et al. 2002), knowledge of the prominent



features of Hawaiian forests, and discussions with other biologists. However, we were
limited to using only those variables for which digital maps at the landscape scale were
available. These variables included vegetation information produced from the
classification of a Landsat ETM satellite image (path/row: 63/47; date: Feb 5, 2000) with
the program Imagine (ERDAS 1999). Classification was accomplished with a supervised
method that involved identifying sets of spectral signatures characteristic of specific
landcover and vegetation types. Classification incorporated “training” samples derived
from site visits (i.e., “ground-truth”) and image interpretation of ancillary data such as
high-resolution imagery acquired by aircraft (e.g., USDA Emerge Program Digital
Orthophotos) and digital vegetation maps (e.g., Jacobi 1989). Landcover classification
yielded information on the dominant vegetation types (i.e., ohi a, shrubland, grassland,
and exotic vegetation types), the presence/absence of major understory components (i.e.,
matted-ferns, native shrubs), canopy closure (closed: >60%; open: >25-60%; sparse: 1-
25%; none; see Jacobi 1989), canopy height (high: >10 m; mid: >5-10 m; low: 2-5 m;
none), and the diversity of landcover types (i.e., variety within an area). The
presence/absence of koa and tree-fern landcover components were obtained from maps of
aerial photograph interpretation (Jacobi 1989). Species-habitat models also included the
abiotic variables elevation, slope, rainfall, and temperature. Elevation and slope were
obtained from 10 m resolution USGS Digital Elevation Model layers. Squared elevation
values were also used to characterize unimodal relationships with bird abundance. Mean
annual rainfall and temperature were derived from the PRISM layers produced by the
Spatial Climate Analysis Service at the Oregon State University at a resolution of 15 arc-
seconds (~ 450 m).

Habitat values were generated as either point- or area-based measures centered at
each of the 1,952 distinct VCP station locations sampled within the study area (Table 1).
In addition to the survey stations, habitat values were derived for a lattice of points used
for the prediction of densities for the entire study area. The lattice points were
established on a 100-meter spacing so as to match the 1-hectare (i.e., 100 x 100 meter)
resolution used for bird density estimation. Point-based values were obtained by
querying the rainfall and temperature layers with the station and lattice layer. Queries
were performed with the Spatial Analyst module of ArcGIS 8.0 (ESRI 2002). Area-
based measures used a 90-meter radius area (= 25,447 m? [2.5 hectare] circular sample)
centered on each lattice point to quantify values for all other habitat variables. This
radius was calculated as one-half the mean nearest neighbor distance among the survey
stations. This radial extent was a compromise between sampling habitats across either
too large or too small an area. More specifically, the extent of the area used for habitat
sampling ensured that it exceeded the spatial resolution of digital grid-based imagery
(900 square meters). The limited extent of the sample area also reduced the amount of
overlap (and therefore autocorrelation) in habitat measures between neighboring stations.

Area-based measures of habitat were based on either the proportion or the
dominant characteristic identified within the sample area radius. The dominant
characteristic was used when a categorical variable displayed more than one state (e.g.,
closed, open and sparse canopy closure). The average of all values within the sample
area radius was used for quantitative variables (e.g., the mean of elevation values from all
10 x 10 m cells within the 90-meter radius sample). The set of values for each habitat
layer were standardized to have a zero mean and unit variance so as to improve statistical



performance of species-habitat models and permit the comparative assessment of variable
contribution in accounting for bird abundance (Gilks and Roberts 1996).

Accuracy assessment of the classified landcover image was carried out by
calculating the proportion of ground-truth samples that correctly matched the landcover
class. For logistical reasons (i.e., high cost of traveling to widely dispersed locations by
helicopter), ground-truth samples of vegetation were not randomly selected for accuracy
assessment from the study area. Instead, samples were acquired by traversing the study
area along a linear path by helicopter and regularly (i.e., every few minutes) describing
vegetation attributes at point locations from a low altitude (< 50 m). Vegetation was also
described from locations on the ground reached by foot or vehicle. Moreover, ancillary
data (i.e., high resolution aerial [Emerge] and satellite [Ikonos] imagery) was used to
provide additional “samples” of landcover features for the assessment of classification
accuracy.

Landcover classes are made up from a number of attributes related to plant
community composition and physical structure. Therefore, we felt that an assessment of
the accuracy of a classified image would be most informative if it were separately
performed on the distinct attributes of the landcover classes. The four general attributes
comprising the landcover classes included the dominant vegetation type, subcanopy
vegetation type (if applicable), canopy closure (if applicable), and physiognomic stature.
These components were correctly classified in 98%, 78%, 73% and 73% of the 170
available ground-truth samples, respectively, with an average accuracy of 81% for all
four components.

Assessing Trends in Density

For the purpose of assessing trends, the bird survey data was initially subset to
address inconsistencies in temporal and spatial sampling and to ensure that analyses were
not biased by the inclusion of data for areas sampled in one period but not another.
Survey stations sampled in each year were delineated to identify an area coincident to all
surveys. This area was further subset to assess trends in upper and lower elevation
habitat (defined by the 1,500 m contour, an elevation threshold below which mosquito-
borne bird diseases are prevalent; Atkinson et al. 2001, 2005; Figure 4). A total of 396
stations along 6 transects from the 1976 HFBS were used for density trend analyses.
Analysis of the 1993, 2002 and 2005 surveys used 232, 214, and 213 stations along 5, 5,
and 15 transects, respectively.

Trends in bird density were assessed with equivalence tests (Dixon and Pechmann
2005). The method is particularly useful for distinguishing between cases in which there
actually was no trend from the inability to statistically detect a trend because of high
variability in densities or small sample size. In contrast, conventional approaches to
trend analysis are not readily able to provide conclusive evidence that a trend is near or at
zero.

Equivalence tests were applied in combination with z-tests. A two-sample z-test
was used to examine the significance of a “presumed” slope given the combined within-
year variance in the densities of the 2 years under comparison (i.e., “signal” relative to
“noise”). The term “presumed” was used to highlight the uncertainty inherent in
inferring a trend from only two periods. Regression approaches to calculating slope are
possible for data sets with a greater number of samples (at least 5 years) than available
and analyzed here (e.g., see Dixon and Pechmann 2005).



To assess the significance of a trend we chose the fairly conservative threshold
corresponding to an annual rate of change of |0.0270| used by the Breeding Bird Survey
in North America (Peterjohn et al. 1995). An observed slope greater than 0.0270 or less
than -0.0270 would result in the doubling or halving of a population in 25 years,
respectively. Conversely, the range that encompasses these values (i.e., from <0.0270 to
>-0.0270) is the “equivalence region” from which a stable or negligible trend may be
inferred in an equivalence test.

Contrary to the standard approach in statistical tests, the null hypothesis (H) of the
equivalence test assumes that the densities are substantially different, and the alternative
hypothesis (K) states that the presumed slope lies within the lower (6.) and upper (6u)
thresholds of the equivalence region (Manly 2001:179, MacKenzie and Kendall 2002).
The rationale for this approach lies in the fact that an actual trend is seldom likely to be
exactly zero, and the more relevant question is whether the trend, if present, is
biologically negligible.

The trend anaIyS|s first calculates the presumed slope as the difference in the
mean densities D and D over the time spanned by the surveys T, and T,. The

variance around the slope is calculated as the standard error of the difference in mean
densities divided by the length of the time period

SESLOPE = SE(Dz - Dl)/(TZ _Tl)’
where the standard error of the difference in mean densities is estimated as

SE(D, - By) =+ 15E(B, )} + (B, ) -

The presence of a trend in density is then examined with a one-sided test of each
the following two sub-hypotheses:

A
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That is, the tests of the sub-hypothesis separately ask whether the trend exceeds
the lower and upper thresholds.

The test statistics for the lower and upper sub-hypothesis tests (as adapted from
Manly [2001:185] for the use of z-tests) are calculated as
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and

respectively.



Each of the null sub-hypotheses are rejected when the P-value of its test statistic
is less than the pre-specified a level (set here at 0.05). Adjustments for multiple
comparisons are not required for this type of equivalence testing (Manly 2001:185).

Finally, the significance of difference in mean densities for the 2 years is also
assessed with a two-sample z-test. The results of the combined z-test and equivalence
test yield one of four possible trend outcomes - three conclusive and one inconclusive —
as diagrammed below (adapted from Dixon and Pechmann 2005):

Equivalence
Test

Reject Null
if both P-values < a
(i.e. within
equivalence region)

Z-test

Do Not Reject Null

Reject Null

Conclusive evidence of
no biologically
significant trend (i.e.,
stable population).

Conclusive evidence
that a trend is present
but is biologically
negligible.

Do Not Reject Null
if one or both P-values
> o (i.e., not within
equivalence region)

Population may be
changing or stable (i.e.,
inconclusive result).

Conclusive evidence of
a biologically
significant trend.

We conclude that the population is “stable” when the difference in densities is not
statistically different from 0 and the presumed slope is inside the equivalence region (i.e.,
between -0.0270 and 0.0270; both null sub-hypotheses rejected and, consequently, the
equivalence null hypothesis rejected). In contrast, there is conclusive evidence of a
biologically significant trend when the difference in densities is statistically different
from zero and the presumed slope was outside the equivalence region (i.e., less than -
0.0270 or greater than 0.0270; one of the null sub-hypotheses rejected; consequently,
equivalence null hypothesis not rejected). The outcomes leading to the above
conclusions of “trend” and “no trend” are illustrated in cases 1 and 7 diagrammed below
(for clarity, shown only for positive or non-trend outcomes):
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However, there are a range of outcomes (cases 2 to 6) that may be obtained
depending on the magnitude and reliability of the estimated slope. Where the mean of
the presumed slope lies just above or below the threshold and the confidence interval of
the slope is broad but does not bracket zero (Cases 2 and 3), the outcome is necessarily
mixed; i.e., “the trend is stable or increasing”. Although cases 2 and 3 reflect the
uncertainty surrounding the estimated slope, they may be distinguished from
“inconclusive” outcomes because they do not include the possibility of an opposite trend.

A conclusion of “negligible trend” (Case 4) results when the difference in
densities is significantly different from zero, but the equivalence test indicates that the
presumed slope is within the equivalence region and near zero. This outcome may occur
when the variance of the trend is sufficiently small that the confidence intervals of the
slope do not include 0, but the presumed slope is deemed to be biologically unimportant.
For purposes of simplifying interpretation, we considered a biologically negligible trend
to be equivalent to a stable trend.

Finally, an inconclusive outcome may be obtained when the null hypotheses of
both the z-test and equivalence test are not rejected. This occurs when the difference in
densities is not significantly different from zero but the equivalence test does not support
the conclusion that the trend is at or near zero. Together, the two tests indicate that the
densities may either be changing or have remained stable but are indistinguishable
because the variability in abundance is high. This inconclusive result is illustrated by
wide confidence intervals that span zero and that may or may not lie entirely within the
equivalence region (Cases 5 and 6, respectively).

Modeling Bird Distribution

Modeling approach rationale

Predicted bird abundance for the Ka'a study area was generated with a Bayesian
hierarchical model proposed by Link and Sauer (2002), and further developed by
Thogmartin et al. (2004) for the spatial modeling of bird counts. The approach is well
suited for the analysis of large data sets with complex dependencies among “higher-
level” attributes associated with bird abundance (Link et al. 2002). For example, patterns
in count data may be partly a function of such factors as spatial autocorrelation, year and
seasonal effects. These patterns may be particularly prevalent in data derived from
clustered populations surveyed over time and large spatial scales. Accounting for these
effects with “hyperparameters” in a hierarchical model reduces the need for ad hoc
procedures to correct for potential sources of bias and survey design inefficiencies (Link
and Sauer 1998).

In addition to the effects of habitat variables and hyperparameters, factors that
influence the detectability of birds can also influence counts and typically include
“nuisance” variables such as observer ability and weather conditions (Buckland et al.
2001:22). These factors affect consistency in the estimation of the distance between
observer and detected birds, and are usually negligible at close range and more
pronounced at greater distances (i.e., detectability diminishes with distance). For
instance, high wind may severely curtail the area in which birds can be detected
compared to that sampled during a windless day. Moreover, observers often differ in
their ability to perceive and accurately estimate the distance to birds. Detection functions
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(i.e., a model fit of counts by distance intervals) may show distinctly dissimilar shapes
(i.e., intercept, “shoulder”, slope, and “tail”) among observers. The bias associated with
an observer effect has previously been dealt with elsewhere by its incorporation as a
hyperparameter in hierarchical models (e.g., Link and Sauer 2002, Thogmartin et al.
2004). However, this variable was not included in the hierarchical models developed for
this study because few, if any, observers have surveyed more than one year in Ka'a, and
this precluded the separation of an observer effect from a year effect. Perhaps more
importantly, it was felt that the observer effect, along with other “nuisance” variables
relating to weather conditions, would be handled best with the program Distance
(Thomas et al. 2003). The rationale for this lies with the program’s ability to separately
model a detection function for each observer and weather condition class (e.g., heavy
rain, light rain, no rain), and distill their respective effects to yield a “global” detection
function applicable to an adjustment of all counts.

Detectability may also be influenced by seasonal effects related to the phenology
of bird vocalization. When birds are highly vocal, the average distance at which
individuals are detected may be less than that during less vocal periods. This may be
caused by the “interference” of nearby and vocal birds on an observer’s ability pick out
the song and calls of distant birds. However, although preliminary analysis indicated that
the covariate “month” was significant, its inclusion in the distance-sampling models had
little to no effect on the estimated detection radius for each species (i.e., the area
effectively sampled during a survey). For example, the detection radius for *Oma’o with
and without the variable month was 54.11 m and 54.07 m, respectively; a difference of
only 0.06%. The average difference in the detection radii for all species examined in this
study was 0.23 m (<0.01%) and the maximum difference (for "I"iwi) was only 1.13 m
(3.0%). For this reason, we chose to exclude month from the detection functions
estimated for each species, and to instead model seasonal effects as a nuisance variable in
the hierarchical model. This approach also allowed for a more nuanced accounting of
seasonal effects by the use of survey “date”, rather than month, as an explanatory variable
(described in more detail in the next section).

When inference is to be made about abundance from observed counts, it is
important to account for the biases associated with imperfect detection (Royle et al.
2004). Towards this end, a detection function provides a “correction factor” that adjusts
counts for undetected individuals (Buckland et al. 2001:20), and effectively renders count
data into density by the incorporation of area sampled. However, because the detection
function is simply applied as a constant, we chose to use it as a follow-up adjustment to
model predictions. The alternative was to apply the detection function before modeling
bird-habitat associations. However, such an adjustment lead to analytical problems with
the less than tractable distribution of densities (i.e., it resulted in non-integer values and
higher variance from a “toothed” series of values on an otherwise continuous axis; e.g., 0,
1.3, 2.6, 3.9, etc., derived from counts of 0, 1, 2, 3, etc.). The adjustment for undetected
birds was made necessary by the fact that, despite it being an active field of research,
there has yet to be developed a practical method for relating count data to covariates
describing both bird habitat and the complex effects of hyperparameters and nuisance
variables. The primary drawback to the adjustment is that the error attributable to
modeling the distance-conditional effect of nuisance variables is not incorporated into the
subsequent model relating bird abundance to habitat and other variables.
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Model formulation

General linear models with a Poisson distribution and a log link function were
initially used to relate bird counts to habitat variables. A Poisson distribution was used
for modeling because bird counts are discrete positive integers with larger values being
less frequent than smaller values and zeros (Sokal and Rohlf 1995:81). An approach
analogous to forward stepwise selection was used to individually add variables and assess
the effects of multicollinearity (e.g., coefficient sign reversal) as partly correlated
variables were added to the model. Highly correlated variables (>|0.80|) were excluded
as candidate variables. Variable significance was evaluated at each step with a likelihood
ratio test (Neter et al. 1996:586). Poisson models were developed with the program S-
PLUS 6 (2001).

After habitat variables were selected with general linear models, hierarchical
models were developed that incorporated year, season and spatial effects. Year and
seasonal effects (i.e., month) were previously assessed in Distance and determined to be
significant covariates in all cases for which there was sufficient data to model their
effects on bird counts (Appendix 1).

Because year effects were included in the hierarchical models as a
hyperparameter, we were able to use count data for all surveys (1976, 1993, 2002, 2004
and 2005) carried out during the breeding season (December to July). Year was treated
as a fixed effect under the assumption that it is measured without error. As such, models
required that a year be specified in the linear predictor. We applied one of two
approaches depending on whether the species showed significantly positive or negative
trends in density during the 1976-2005 survey period. For those species with significant
trends, we selected the latest year of survey to generate the predictions of abundance and
the most current estimate of population size. For species that did not show an apparent
trend, we chose a year that was closest to the mean of the coefficients for all year effects.
This allowed us to avoid the influence of an “unusually” high or low year effect
associated with the most recent survey and which may simply reflect sampling error.
That is, we wished the models to predict bird abundance for an “average” year and to
make our inference of population size for the entire survey period. The choice of year in
the prediction of abundance for each species is noted in Appendix 2.

Seasonal effects were incorporated into hierarchical models by use of survey date
as a random effect variable. This effect was modeled for each species by defining a
unimodal relationship of bird count and date for the span of the survey period. The
unimodal pattern was described with a sine and a cosine function from a Fourier series
(Stolwijk 1999). More complicated functions describing multiple cycles were possible,
however, observed counts plotted by date revealed either a single peak during the spring
or a monotonic increase during the breeding season for all species examined (for
examples see species accounts). Values from the sine and cosine functions were
calculated for all dates associated with survey observations and the functions were
included as parameters in the hierarchical model for each species. However, the
application of a model for predictive purposes entailed specification of a date in the linear
predictor for each species. We chose a date at which the seasonal effect upon count was
at its maximum (e.g., "Oma’o counts peaked on survey date 138 [mid-May]). This
generated predictions for the period at which the highest proportion of a population was
vocal and the fewest number of birds remained undetected.
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Ecological features (e.g., forest) are structured by environmental factors (e.g.,
rainfall) and naturally result in the spatial autocorrelation of other ecological features
such as bird distribution (Legendre 1993). Correct inference of bird abundance and
distribution in such conditions requires the proper accommodation of spatial
autocorrelation. Spatial effects were incorporated into the hierarchical model with a
Gaussian conditional autoregressive prior based on the spatial neighborhood of point and
area locations (i.e. survey stations and map layer cells; Speigelhalter et al. 2000). The
spatial neighborhood was defined by the adjacency of 2,030 grid cells delineated at a 500
m resolution across the study area. Exploratory analysis indicated that a smaller grid cell
size resulted in too many cells upon which to efficiently compute a model incorporating
spatial effects. For example, a total of 47,408 cells were produced from applying a grid
cell resolution of 100 m (i.e., corresponding to the 1 ha cell size used to quantifying
habitat values). Coarser grids reduced the number of cells (e.g., total of 539 at a 1 km
resolution) and greatly improved computational efficiency, but resulted in a severe
“pixelation” of the predicted surface of bird abundance. An adjacency matrix for the
spatial neighborhood was generated with the GeoBUGS module in WinBUGS (Thomas
et al. 2002). Spatial neighborhood weights were set to 1 for locations within adjacent
cells and 0 otherwise.

Hierarchical models incorporating both the habitat variables and hyperparameters
were developed in WinBUGS 1.4 (Speigelhalter et al. 2000), a statistical package for
conducting Bayesian inference with Markov chain Monte Carlo (MCMC) methods (i.e.,
Gibbs Sampling). The overdispersed Poisson regression models were fit following the
methods described by Link et al. (2002) and Royle et al. (2002:630-631). Posterior
distributions of model parameters were calculated from four chains run for 25,000
iterations after discarding the values from the first 15,000 iterations (i.e., “burn-in”
period). Model convergence was assessed from the posterior distribution of the
remaining values. Following convergence, the model was re-run with one chain for
another 1,000 iterations to compute the posterior samples of model coefficients used for
generating predicted densities.

Several species (‘Akiapola‘au, Hawai'i Creeper, Hawai'i “Akepa and Northern
Cardinal) did not have sufficient detections to adequately develop the hierarchical models
used to predict densities and population estimates. For the native species, population
sizes were simply calculated as the product of the mean density and the area of the
species’ distribution in Ka'a, and were originally reported in Tweed et al. (In review).
The area occupied by a species was manually delineated in ArcGIS from the locations of
current bird detections and known habitat associations. Population estimates were not
produced for the Northern Cardinal because survey coverage did not sufficiently coincide
with the species’ Ka'a range.

Bird abundance prediction and mapping

Following the development of a species’ hierarchical model and the assessment of
model convergence, the posterior distribution of model coefficients was extracted in
WinBUGS from the CODA output for a single chain. A custom script in SAS (Release
8.02: SAS Institute 2001) was used to integrate the posterior samples of model
coefficients from each of the 1,000 MCMC simulations with the values of the habitat
variables and hyperparameters for all 47,408 one-ha grid cells comprising the study area.
The predicted abundances obtained from each simulation were subsequently adjusted to
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account for “undetected” birds (see Section “Modeling approach rationale). Because
the adjustment incorporated an estimate of the area sampled, its application effectively
converted abundance predictions into densities scaled to the one-ha grid cell resolution.
That is, the area-based adjustment for unobserved birds acts to link the scale of the
predictive model to that of the map resolution. The melding of distance-sampling with
the species-habitat models developed herein is a modest but important improvement on
previous ad hoc methods that translate predictive models into a map of bird abundance
(e.g., Royle et al. 2002, Thogmartin et al. 2004).

A preliminary population estimate was generated for each of a species’ 1,000
model simulations. Each population estimate was obtained from the sum of all 47,408
predicted densities (i.e., the predictions for all one-ha grid cells within the study area).
The mean, standard deviation (SD) and 95% confidence interval of the final population
estimate were calculated from all 1,000 preliminary estimates. Maps of the mean
predicted densities and associated standard deviation for each 1-ha grid cell were input
and converted to a raster with the Spatial Analyst extension of ArcGIS 8.0 (ESRI 2002).

Model assessment and validation

Models were validated by comparing predicted abundance to that of the observed
abundance derived from a reserved dataset randomly sampled from and comprising 10%
of the full dataset. Several methods were used to assess predictive model performance.
A histogram of observed and predicted abundance was used to visually assess at which
levels of abundance a model adequately or inadequately estimated abundance. A
Wilcoxon rank sum tested the significance of the difference between validation and
predicted distributions (Sokal and Rohlf 1995). An alternative test - the Kolmogorov-
Smirnov two-sample test — was not used since it is overly conservative when the
distribution is not normal and is not recommended for discrete data. The slope of a linear
regression of observed and predicted abundance was used to indicate the degree to which
they approximated a 1-to-1 correspondence (e.g., MacNally and Fleishman 2002).
Predictive models with a slope between 0.66 and 1 were considered to be unbiased (i.e.,
do not under-predict abundance). Models with a slope between 0.33 and <0.66 were
moderately biased and those with a slope <0.33 were highly biased. Finally, the strength
of a correlation among observed and predicted abundances was used to evaluate the
relative precision of the model. Predictive models with a significant Pearson correlation
coefficient (r) between 0.66 and 1 were considered to be precise. Models with a
coefficient between 0.33 and <0.66 were moderately precise and those with a coefficient
<0.33 were regarded as imprecise.

The maps of predicted densities and associated standard errors provided the
means for spatially evaluating the effects of sample allocation (i.e., survey station
placement) in a region, and for identifying areas that may be under-sampled and
contributing to a high degree of predictive uncertainty. For each species, a map of
relative prediction uncertainty was derived by dividing the standard deviation by the
mean predicted density for each grid cell (i.e., effectively producing a coefficient of
variation at the resolution of the grid cell). Sampling efficiency was evaluated by
examining the prediction uncertainty maps of an abundant and a common widespread
species (‘Apapane and “Oma’0) and a common and an uncommon species with more
restricted distributions ("1"iwi and Red-billed Leiothrix).
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Species Accounts
Native Birds

Hawai'i "Elepaio (Chasiempis sandwichensis)

A total of 398 Hawai'i "Elepaio were detected during surveys (Table 2).
Detection distances ranged up to 79 m (mean = 28.5 =+ 13.5 m [SD]; Appendix 1). The
detectability models for trend analysis and density prediction yielded effective detection
radii of 37.4 £ 0.7 and 37.5 + 0.7 m (SE), respectively.

Poisson regression was initially used to identify a suite of habitat variables
correlated to Hawai i "Elepaio density. The variables koa, tree-fern, stature, precipitation
and survey date accounted for 18% of the total (null) deviance in "Elepaio density (Table
3). The factor “year 1993 was used as a fixed effect in the hierarchical species-habitat
model for predicting densities (Appendix 2). Hawai'i "Elepaio counts did not exhibit a
strong seasonal pattern although the gradual increase in counts peaked towards the end of
the survey period (i.e., July 29; survey date 203; Figure 5). The seasonal effect was
incorporated in the predictive model with sine and cosine values equal to -0.346 and -
0.938, respectively.

A visual comparison of the predictions of the hierarchical model with that of the
validation dataset (i.e., reserved subset of observations) appeared to show a moderately
close approximation of observed and predicted counts (Figure 6). However, the
Wilcoxon test of the difference in means between the count distributions was marginally
significant (Z = 2.095; P = 0.036; Table 3) and indicates that the correspondence of
model predictions and observed counts were not closely matched. In addition, the
regression slope was only 0.25 (Figure 6) and reveals that the model was under-
predicting the abundance of Hawai'i "Elepaio. Moreover, the correlation among
observed and predicted counts was 0.39 (P < 0.001), a fairly low level of precision.

In general, Hawai'i "Elepaio were concentrated in the drier northeastern part of
the Ka't study area, and birds were notably absent in the southern-most portion of
forested habitat (Figure 7). The density of Hawai'i "Elepaio was also relatively low
compared to other regions in its island range, and surprisingly, density was also
somewhat higher at lower elevations. For example, the mean density in 2002 was 0.3 +
0.1 and 0.7 + 0.1 birds/ha in forest >1,500 m and <1,500 m, respectively (Table 4). In
comparison, mean density was 2.2 + 0.1 birds/ha in the Kalani-Keauhou region
(Gorresen et al. 2005). Despite the predictive under-performance of the models, the
predicted distribution of densities (Figure 8) spatially corresponded with that observed.
The population of Hawai i "Elepaio was estimated at 14,621 birds (SD = 4,279; 95% CI =
8,388 — 22,711; Table 5). About 4,677 individuals or 32% of the predicted total Hawaii
"Elepaio were estimated to occur >1,500 m.

“Elepaio occur from low to high elevations on the islands of Hawai i, Kaua'i and
O ahu (VanderWerf 1998). However, recent evidence indicates that the densities of
regional populations on Hawai i Island (and O ahu) are declining and the species’ range
may be contracting at low and mid-elevations (Reynolds et al. 2003, Camp et al. In
review, Gorresen et al. 2005, Gorresen et al. In prep.). The species was relatively
widespread throughout the southern-most portion of its Kaa range in 1976; however,
few detections were made in this area when it was resurveyed in 2005 (Figure 9).
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Although there was a moderate decrease in the mean annual densities of Hawai'i "Elepaio
above 1,500 m, trend analysis concluded that the densities observed above and below
1,500 m were not different (presumed slope above 1,500 m =-0.008; 95% CI = -0.018 to
0.001; P = 0.089; presumed slope below 1,500 m = 0.001; 95% CI =-0.012 to 0.013; P =
0.936; Figure 10; Tables 4 and 6).

*Oma’o (Myadestes obscurus)

A total of 3,893 "Oma’o was detected during surveys (Table 2). Detection
distances ranged up to 213 m (mean = 43.8 + 20.2 m [SD]; Appendix 1). The
detectability models for trend analysis and density prediction both yielded an effective
detection radius of 54.1 + 0.4 m (SE).

Poisson regression was initially used to identify a suite of habitat variables
correlated to "Oma’o density. The variables canopy stature, tree-fern, canopy closure,
koa, precipitation, slope, and survey date accounted for 24% of the total (null) deviance
in "Oma’o density (Table 3). The factor “year 1993 was used as a fixed effect in the
hierarchical species-habitat model for predicting densities (Appendix 2). “*Oma’o counts
exhibited a moderately strong seasonal pattern that peaked in mid-May (i.e., survey date
124; Figure 11). The seasonal effect was incorporated in the predictive model with sine
and cosine values equal to 0.845 and -0.534, respectively.

The abundance predicted by the hierarchical model moderately approximated that
of the validation dataset (Figure 12). The Wilcoxon test of the difference in means
between the count distributions was not significant (Z = -1.743; P = 0.081; Table 3) and
indicated that the correspondence of model predictions and observed counts was
marginally adequate. The regression slope was 0.47 (Figure 12) and revealed that the
model was, to a small extent, under-predicting the abundance of *Oma’o. However, the
correlation among observed and predicted counts was 0.71 (P < 0.001) and showed that
the model was fairly precise.

"Oma’o was the second-most abundant native species, and was widespread in
forest habitat (Figure 13). The species was also present in the degraded forest and
pasture in the southern-most portion of the study area, and encouragingly, densities were
also fairly high at lower elevations. For example, the mean density in 2002 was 4.1 + 0.2
and 2.4 + 0.2 birds/ha in forest >1,500 m and <1,500 m, respectively (Table 4). The
spatial distribution of the predicted counts corresponded well with that observed (Figure
14). The population of *Oma’o was estimated at 82,378 birds (SD = 7,493; 95% CI =
70,519 — 94,578; Table 5). Of this total, about 29,781 individuals or 36% of the
predicted population were predicted to occur >1,500 m.

*Oma’o occurs from mid to high elevations on windward Hawai'i Island
(Wakelee and Fancy 1999). However, densities appear to have decreased in the central
and east windward regions (i.e., eastern Mauna Loa and Kilauea Volcano) since the 1977
and 1979 HFBS (Reynolds et al. 2003, Camp et al. In review, Gorresen et al. 2005,
Gorresen et al. In prep.). The picture of ‘*Oma’o trends in Ka'ii is mixed. Although the
1976 and 2005 densities above 1,500 m were not different (presumed slope = -0.008;
95% CI1 =-0.021 to 0.004; P = 0.174; Figure 15; Tables 4 and 6), the 1993 and 2002 data
indicated that estimated *Oma’o abundance was highly variable and the conclusion of “no
change” may not be warranted. In contrast, the density of *Oma’o below 1,500 m was
significantly less in 2002 than that observed in 1976 (presumed slope = -0.029; 95% CI =
-0.046 to -0.012; P < 0.001).
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Hawai'i "Amakihi (Hemignathus virens)

A total of 2,961 Hawai'i "Amakihi was detected during surveys (Table 2).
Detection distances ranged up to 157 m (mean = 30.5 + 16.2 m [SD]; Appendix 1). The
detectability models for trend analysis and density prediction yielded effective detection
radii of 36.6 £ 0.3 and 36.5 + 0.3 m (SE), respectively.

Poisson regression was initially used to identify a suite of habitat variables
correlated to Hawai'i "Amakihi density. The variables temperature, matted-fern, koa,
precipitation, landcover diversity and survey date accounted for 27% of the total (null)
deviance in Hawai'i "Amakihi density (Table 3). The factor “year 1993” was used as a
fixed effect in the hierarchical species-habitat model for predicting densities (Appendix
2). Hawai'i "Amakihi counts exhibited a weak bimodal seasonal pattern with peaks in
early April and late July (Figure 16). The late July date (i.e., survey date 203)
corresponding to sine and cosine values equal to -0.346 and -0.938 was used to
incorporate the seasonal effect in the predictive model.

A vi