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ABSTRACT.—We studied the distribution, population size, and habitat response of the Palila
(Loxioides bailleui) during the 1980-1984 nonbreeding seasons to infer factors that limit the
population and to develop management strategies. Distribution was fairly constant from
year to year. Palila were confined to the subalpine woodland on Mauna Kea on the island
of Hawaii, occurred between 2,000 and 2,850 m elevation, and reached highest densities on
the southwest slopes. The population showed large annual fluctuations, from 6,400 birds in
1981 to 2,000 in 1984. The width of woodland was the most important variable in determin-
ing habitat response. Palila were more common in areas with greater crown cover, taller
trees, and a higher proportion of native plants in the understory. Annual variation in Palila
density within a habitat reflected variation in levels of their staple food, mamane pods. The
main limiting factors of the population appeared to be the availability of good habitat and
levels of their staple food. Palila had strongly depressed densities in the Pohakuloa flats
area. This low density could not be explained by gross habitat features or food levels. Site
tenacity, thermal stress, disturbance, and disease were hypothesized explanations. Our study
indicated that the most effective management strategies would be the removal of feral un-
gulates and certain noxious plants from Palila habitat and the extension of the woodland
zone to areas now intensively grazed. Received 20 May 1983, accepted 9 March 1984.

DISTRIBUTION, population size, and habitat
response of species that may require manage-
ment to ensure their survival are ecological pa-
rameters of special interest. Annual variation
in these parameters may offer insight into the
factors that limit the present population, yet
relatively few workers have attempted to eval-
uate temporal variation in habitat response.
Studies by Raitt and Pimm (1976), Rotenberry
and Wiens (1980a, b), and Rice et al. (1981)
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demonstrate the potential value of temporal
analyses of habitat response in evaluations of
factors that limit bird numbers.

In this study we examine annual variations
in distribution, population size, and habitat re-
sponse across the entire range of the Palila
(Loxioides bailleui), a finch-billed Hawaiian hon-
eycreeper found only in the subalpine wood-
lands of Mauna Kea on the island of Hawaii
(Fig. 1) and one of 30 endangered or threat-

The Auk 101: 647-664. October 1984
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Fig. 1. The dry native forest on Mauna Kea, Hawaii. General vegetation types: c/o Ac = closed to open

canopy koa (Acacia koa); s/vs Ac = scattered to very scattered koa; s/vs So = scattered to very scattered ma-
mane forest; ¢/o So = closed to open canopy mamane; c/o My-So = closed to open canopy mamane-naio;
s/vs My-So = scattered to very scattered mamane-naio; D:(ns) = dry native shrub; D:(xg) = dry exotic grass

pasture; Burned Area = site of 1979 fire.

ened birds in Hawaii (U.S. Fish and Wildlife
Service 1983). The population size of the Palila
was estimated at 1,600 birds in the 1975 non-
breeding season (van Riper et al. 1978).

The behavior and ecology of the Palila were
intensively studied by Berger (1970) and van
Riper (1978, 1980a). Palila are adapted for feed-
ing on green seed pods of the mamane tree
(Sophora chrysophylia), although mamane flow-
ers, naio (Myoporum sandwicense) fruit, and in-
sects are also eaten, particularly when pods are
scarce. The breeding season extends from April
to September and coincides with maximum
production of mamane pods. During the non-
breeding season, local and some long-distance
movement occurs in response to food levels.
We studied the species toward the end of the

nonbreeding season, when population levels
were lowest in the annual cycle, food was most
likely to be limiting, and bird distribution was
most likely to reflect local variation in food
levels.

The objectives of this study were to (1) ex-
amine annual variation in distribution, popu-
lation size, and habitat response during the
nonbreeding season across the range of the
Palila; (2) evaluate some of the factors that may
limit present distribution and numbers; and (3)
development management strategies to ensure
the survival of the species.

STUDY SITES AND METHODS

Study sites.—The entire range of the Palila lies
within the subalpine mamane and mamane-naio
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Fig. 2. Location of study area and transects on Mauna Kea, Hawaii.

woodland on Mauna Kea (Fig. 1). Our sampling uni-
verse was the present range of Palila, a 139 km? area
(Fig. 2). We also sampled the north slopes of Mauna
Kea, where Palila no longer occur (transects 116 and
117 in area 3), in order to document repopulation of
the area. Data from this area were not included in
our analysis.

The woodland on Mauna Kea ranges from 1,800 to
3,000 m elevation. The trees are generally short (3-
10 m), and canopy cover varies from very scattered
(<5%) to partly closed (60%). Rainfall averages 35-75
c¢m annually.

Mamane occurs around the entire mountain, but
naio is mainly restricted to the southwest slopes. A
detailed description of the vegetation is given in Hartt
and Neal (1940).

Sampling design.—Information from the 1975 sur-
vey (van Riper et al. 1978) was used to stratify the
subalpine woodland according to Palila density into
three areas: a high-density area (area 1), a low-den-
sity area (area 2), and a supplemental area (area 3),
where Palila once occurred historically (Fig. 2).

Transects were randomly placed a minimum of 500
m apart and approximately perpendicular to eleva-
tional contours in areas 1 and 2. Stations were placed
150 m apart from approximately 75 m below treeline
to the lower woodland boundary. In area 3 we placed
24 stations along two. transects randomly located in
the best remaining woodland only to verify the bird’s

absence and to detect recolonization. The stations
were the sample points for monitoring plant phe-
nology, counting birds, and verifying the vegetation
map.

Annual surveys were conducted in the nonbreed-
ing season during 7-21 February 1980, 20-29 January
1981, 22 February-4 March 1982, 25 February-4 March
1983, and 6-9 February 1984. We used the variable
circular-plot method with a 6-min sampling period
(Reynolds et al. 1980). This period was determined
to be long enough to hear or see Palila near the sta-
tion, yet short enough to minimize the chances of
counting the same bird twice or of birds moving into
the count area (Scott and Ramsey 1981). During this
period, observers recorded each Palila heard or seen
except for birds flying high overhead (Reynolds et
al. 1980). The counts were conducted from approxi-
mately 0730 to 1300, the period of greatest Palila ac-
tivity (van Riper 1978). Observers were assigned to
transects by random draw within a sampling area,
and no counts were conducted when precipitation or
winds greater than 4 on the Beaufort Scale (>29 km/
h) occurred. Transects 102 and 103, the area of high-
est density, were each sampled twice and a mean
density was computed for those stations.

The 20 observers that participated in the survey
were trained in identifying Palila and estimating de-
tection distances (Kepler and Scott 1981). All but two
observers met hearing standards suggested by Emlen
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and DeJong (1981), and one of these did not partici-
pate after 1980.

Density estimates.—Using the methods of Ramsey
and Scott (1981), we calculated density estimates for
Palila. Using values pooled over 4 yr, we derived
correction factors for each observer and vegetation
type as sample sizes allowed. The effective area sur-
veyed at a station varied from 0.69 to 1.48 ha.

Populations were estimated for each area from the
Palila densities at the individual stations. To estimate
the total population in the Palila universe, we
weighted the populations and variances in areas 1
and 2 by the size of the area and pooled the results.

Densities were plotted by means of 5-point mov-
ing averages. Interpolation of densities was done
subjectively, with consideration given to vegetation
types and elevation. We assumed that density varied
in a continuous manner from one point to another.

Habitat description.— Vegetation structure and com-
position were recorded at each station by observers
who had been intensively trained in estimating
vegetation variables. The observers estimated the av-
erage crown or foliage coverage of trees, shrubs,
herbs, and grasses and the coverage fraction and av-
erage height of mamane and naio trees in the canopy
within a 50-m-diameter circle centered on station.
The percentage of branches that had yellow mamane
flowers, fully expanded green mamane pods with lit-
tle or no brown on them, or white naio fruits was
estimated in order to index densities of items in the
Palila diet (van Riper 1978).

Station locations were plotted on high-resolution
aerial photographs and U.S. Geological Survey 7.5
topographic maps. Tree coverages estimated in the
field were compared with photointerpretative esti-
mates. This procedure ensured standardization of ob-
servers and gave more accurate estimates for very
patchy woodlands.

Vegetation maps of the study area were prepared
at a 1:24,000 scale. Vegetation types were initially
interpreted on aerial photographs at a 1:45,000 scale
with a mirror stereoscope of 3x and 6x magnifica-
tion. These preliminary map units were verified on
the ground, and a helicopter was used to resolve in-
terpretation problems in some areas. The final map-
unit boundaries were compiled by means of a Kern
PG-2 plotter.

Habitat response.—We derived 14 independent vari-
ables from the habitat data and graphically examined
univariate distributions and Palila response to each
variable to determine necessary standardizations and
transformations. The independent variables in the
analysis were:

Elevation (m)—from the USGS 1:24,000 topographic
map;

Elevation squared—to represent potential ditonic re-
sponse;

Crown (%);

SCOTT ET AL.

[Auk, Vol. 101

Canopy height (m);

Mamane biomass—mamane cover (%) times mamane
height (m);

Naio biomass—naio cover (%) times naio height (m);

Total tree biomass—the sum of mamane and naio
biomass;

Shrub cover (%);

Grass cover (%)—cover of grasses and herbs;

Mamane flower biomas—the average precentage of
mamane branches in flower on the 10 trees sam-
pled at station multiplied by mamane biomass;

Mamame fruit biomass—same as for mamane flower;

Naio fruit biomass—same as for mamane flower;

Pohakuloa flats—a binary variable to indicate the Po-
hakuloa flats area and the immediately adjacent
slopes (bottom of transects 106, 107, and 108), 0 =
absent, 1 = present;

Woodland width (km)—the width of mamane and
mamane-naio woodland, measured perpendicular
to the contour along the transect line, but exclud-
ing as unsuitable habitat areas of scattered to very
scattered trees and the areas in Pohakuloa flats.

Data analysis.—A logarithmic transformation, x' =
log,o(x + 1), was applied to stabilize the variance and
correct for excessively straggling tails in Palila den-
sity and in the biomass of mamane flower, mamane
fruit, and naio fruit.

To quantify the habitat response of the Palila and
the annual variation in that response, we computed
the Pearson correlation coefficient, r, between Palila
density and the 14 habitat variables for each year.
The five correlations of a single Palila/habitat vari-
able pair were tested for homogeneity by means of
the x? summation of Z-transformed correlations (Steel
and Torrie 1980: 280). Correlations were calculated
between Palila densities in different years to quan-
tify the tendency for birds to occur on the same sites.

Multiple regression was performed on the data of
each year to identify the strongest variables affecting
Palila response, given the relations among other
variables (Draper and Smith 1981). Crown cover, can-
opy height, and total tree biomass were excluded be-
cause of their high correlation with mamane and naio
biomass. We used a structured stepwise procedure
that worked down through a series of hierarchical
levels, adding significant (P < 0.05) variables to the
regression equation and deleting variables that be-
came insignificant. Variables were organized into hi-
erarchical levels to reflect increasingly detailed hab-
itat features (see Scott et al. in press). Variables were
considered for inclusion in this order: (1) elevation,
(2) [elevation]?, (3) mamane and naio biomass, (4)
shrub and grass cover, (5) flower and fruit variables,
and (6) Pohakuloa flats and woodland width. The last
two variables are nonlocal and extensive; we placed
them last to avoid confounding them with localized
responses. :

To compare years further, we grouped stations by
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Fig. 3. Distribution and abundance of Palila in 1980.

the vegetation units used in mapping. The Palila
densities at the stations in each group were com-
pared by means of Fisher’s protected least significant
difference (Isd) test for multiple comparisons (Steel
and Torrie 1980: 173). This is a two-part test: first, we
computed one-way analyses of variance to test
whether or not there was significant variation be-
tween years; when this test was significant, we con-
structed the lsd test from s, the square root of the
pooled error variance, as Isd = 1.985\/2/n , where n
is the number of stations sampled each year. Means
differing by more than the Isd were significant at the
5% level.

The counts taken on consecutive days on transects
102 and 103 were compared to assess daily variation
due to Palila movement. To determine whether daily
variation was more prominent between or within
vegetation units, an analysis of variance was per-
formed on stations grouped by vegetation units.

The adequacy of the sample size for a quantifica-
tion of habitat response was checked by computing
correlations and regression equations from randomly
constructed subsamples of 25% and 50% of the full
data set. Results from the 50% subsamples were sub-
stantially identical to those from the full data set.
Deviations among the 25% subsamples suggested that
100-150 stations were needed to allow us to make
statements about habitat response in the sampling
universe.

Because summary statistics characterize general

patterns, variation at finer scales is glossed over, and
nonlinear interactions may be overlooked entirely
(James and Wamer 1982). To display some of the mul-
tidimensional variation in response, we constructed
contour graphs of Palila response to independent
variables by plotting each station, smoothing over
cells of 2-5% of the total graph area, and drawing
contours by eye. The independent variables used for
axes were chosen for their predictive power and
management interest.

RESULTS

Distribution.—Distributional patterns of the
Palila were rather constant during our 5-yr
study (Figs. 3-7) and quite similar to those
found in 1975 (van Riper et al. 1978).

The highest densities (>200 birds/km?) were
always centered around the 2,300 m elevational
contour near Puu Laau on transect 102 in area
1. This area lies immediately above an ecotone
between the mamane and mamane-naio wood-
lands. A second much smaller high-density cell
was found 5 km southeast on transect 107; it
was especially prominent in 1981. Areas with
a density of more than 200 birds/km? never
exceeded 7% of the Palila’s range, and areas
with fewer than 10 birds/km? accounted for
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Fig. 6. Distribution and abundance of Palila in 1983.

more than 65% of the range every year (Figs.
3-7). In 1983, a small shift in the Puu Laau
density cell corresponded to higher resource
levels in mamane-naio woodland, as compared
with those in pure mamane woodland.

The upper elevational limit of Palila gener-
ally coincided with treeline at about 2,850 m in
both areas 1 and 2. In area 1 the lower eleva-
tional limit of the Palila was approximately
2,000 m and generally marked a transition to
scrub forest or grassland. In area 2 the lower
limit was approximately 2,500 m at the bound-
ary of the Mauna Kea Forest Reserve and was
characterized by scattered to very scattered trees
in heavily grazed pastures. These range limits
are much higher than those found in the 1890’s
(Perkins 1903).

Population size.—The estimated Palila popu-
lation varied from 6,400 birds in 1981 to 2,000
in 1984 (Table 1). The differences in population
size were significant (P < 0.05) between 1981
and the other years, but not among 1980, 1982,
1983, and 1984. In 1975, the Palila population
was estimated at 1,614 (95% CI = 1,057-2,171)
during the nonbreeding season (van Riper et
al. 1978). This value is significantly below the

1980, 1981, and 1982 estimates. In the 1975-
1981 period, therefore, Palila populations ap-
pear to have increased nearly fourfold, but by
1984 the population lost 68% of its 1981 num-
bers.

From 1980 to 1981 the population apparently
increased 91%, only to return in 1982 to the
1980 level. This points to a high potential for
large annual fluctuations in numbers, perhaps
resulting from optimal weather and high food
stocks during the May-September 1980 breed-
ing season, followed by high mortality (of
young birds?) due to poor weather or depleted
food stocks later during 1981.

Rainfall records from Puu Laau indicate that
1980 had the greatest rainfall of all years from
1973 to 1983, whereas 1981 and 1983 had the
least rainfall of that period (R. Bachman un-
publ. data). Van Riper (1980b) found that ma-
mane fruiting responded strongly to precipi-
tation; thus, there may have been a large
mamane pod crop in 1980 that supported the
boom observed in 1981, followed by a crop fail-
ure in 1981 that led to the population “bust”
in the 1982 survey. The low population in 1984
also seems to reflect adverse weather. Our data
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Fig. 7. Distribution and abundance of Palila in 1984.

are inadequate to determine the causes of an-
nual population fluctuations, because we re-
corded resource levels for only a short interval
of time and not the whole year. Apparent dou-
bling or halving of insular passerine popula-
tions from one year to the next is not unusual.
J. L. Sincock (unpubl. data) has documented
wide fluctuations in the numbers of Laysan
Finches (Telespyza cantans) and Nihoa Miller-
birds (Acrocephalus familiaris kingi) on the lee-
ward islands of Hawaii.

In area 1, populations differed significantly
between 1981 and the other years. The ratio of
the highest (1981) to the lowest (1984) popu-
lation was 3.4. Densities in area 1 averaged 2.4
times as high as in area 2, and, owing to the
greater size of area 1, from 79% to 90% of the
total Palila population occurred there.

In area 2, populations did not differ signifi-
cantly between years. This was partly due to
the more scattered occurrence of Palila and
lower sampling intensity, resulting in higher
coefficients of variation, but the ratio of highest
(1980) to lowest (1984) population, 2.2, is lower
than in area 1 and suggests a more stable pop-
ulation.

Annual and daily correlation in occurrence.—The
correlations between years for Palila densities
at the same station (Table 2) varied from r =
0.16 to 0.51 and were all significant. This in-
dicates that Palila tended to occur at the same
sites that they have in the past, although sub-
stantial variation also occurred.

Two transects in the areas of greatest Palila
density were replicated on consecutive days to
quantify the extent of daily movement of the
population. The correlations for consecutive day
counts were low, with a mean r of 0.36 (0.08
SE) and a range of —0.17 to 0.81 for the 10
correlations. When the sample points were
stratified by vegetation unit, correlations im-
proved to a mean r of 0.74 (0.08 SE), with a
range of 0.24 to 0.99. All 10 correlations com-
puted from vegetation units were higher than
those computed from stations, suggesting either
that Palila movement between vegetation units
was less than movement between stations or
that daily Palila movement tended to result in
the same relative numbers in each vegetation
unit.

Habitat correlates and habitat response models.—
The correlations between Palila density and
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TABLE 1. Summary of population estimates for the Palila.
Area 1 Area 2 Palila universe
Area (km?) 97 42 139
Number of stations 237 88 325
Population estimate
1980 2,650 701 3,350
1981 5,795 615 6,410
1982 2,612 693 3,305
1983 1,882 386 2,268
1984 1,701 321 2,022
Population, 95% CI
1980 1,635-3,665 207-1,195 2,240-4,480
1981 4,120-7,470 221-1,009 4,690-8,131
1982 1,703-3,521 321-1,065 2,323-4,287
1983 1,283-2,480 58-714 1,584-2,951
1984 1,121-2,281 115-527 1,407-2,637
Number Palila counted
1980 136 17 153
1981 229 14 243
1982 131 18 149
1983 117 10 127
1984 87 9 96
Frequency (%)
1980 19% 10% 17%
1981 27% 12% 23%
1982 22% 16% 20%
1983 19% 7% 16%
1984 16% 10% 15%

habitat variables provide an overview of Palila
habitat response and its annual variation (Ta-
ble 3). Every year, the width of subalpine
woodland had the strongest correlation with
Palila density. Palila also consistently respond-
ed strongly to total tree biomass, crown cover,
and canopy height. Significant annual varia-
tion occurred in the correlations with mamane
biomass, naio biomass, and naio fruit. These
differences seemed mainly due to phenological
variation and resource shifting, as discussed
below. A negative response to the Pohakuloa
flats area occurred each year, and only two Pali-
la were found on the 42 stations in the flats
over the 5-yr period.

A multivariate perspective on response to
habitat was given by the regression equations
(Table 4). From 17% to 36% of the variance was
accounted for, these somewhat low values re-
flecting the patchy distribution of Palila over
even short distances. The most important vari-
able in every case was the width of mamane-
naio woodland. Pohakuloa flats had a negative
term in four of the models. Ground cover, usu-

ally exotic grasses and herbs indicative of a long
history of heavy disturbance, was negatively
associated with Palila in three models, but in
the 1983 model shrub cover was entered in-
stead. Shrub cover was indicative of lighter dis-
turbance and was negatively correlated with
ground cover (r= —0.58, P < 10-%). These
models may therefore be interpreted as repre-
senting avoidance of heavily disturbed vege-
tation. Multiple regression was thus helpful in
identifying important variables that would be
overlooked in a bivariate analysis. The corre-
lations of Palila with shrub and ground cover
were modest until zone width, phenology, and

TaBLE 2. Correlations of Palila density between years
at the same stations. All correlations are signifi-
cant, P < 0.01.

1980 1981 1982 1983
1981 0.36
1982 0.51 0.37
1983 0.23 0.51 0.27
1984 0.42 0.27 0.35 0.16
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TaBLE 3. Correlations between Palila density and habitat variables. An asterisk after the variable name
indicates significant variation between years, P < 0.01. Significance values for the correlations are |r| =

0.11, P=0.05; |r| = 0.18, P = 0.001.

Variable 1980 1981 1982 1983 1984
Elevation —-0.01 0.04 0.02 —-0.10 —-0.08
Total tree biomass 0.24 0.27 0.13 0.25 0.23
Crown cover 0.16 0.20 0.11 0.27 0.11
Canopy height 0.20 0.20 0.09 0.12 0.22
Mamane biomass* 0.27 0.09 0.11 0.03 0.31
Naio biomass* 0.07 0.30 0.08 0.34 0.00
Shrub cover -0.17 -0.03 -0.11 —-0.07 —0.26
Grass cover —-0.07 —0.20 —-0.04 -0.03 0.08
Mamane flower 0.20 0.08 0.21 0.03 0.03
Mamane fruit 0.24 0.26 0.07 0.21 0.14
Naio fruit* -0.05 -0.03 0.06 0.28 -0.03
Pohakuloa effect -0.17 -0.16 -0.17 —0.16 -0.12
Woodland width 0.37 0.36 0.33 0.37 0.35

other factors were taken into consideration,
when it became apparent that Palila discrimi-
nated against heavily disturbed areas. Naio
habitat components varied widely among the
years and are discussed below. In the 1981
model, the two naio variables were entered with
opposite signs, indicating that Palila were us-
ing areas of mamane-naio woodland that had
relatively low naio fruiting intensity.

Variation in density among habitat types.—Palila
densities showed striking variation among
habitat types (Table 5). The variation among
habitat types and across years generally paral-
leled the patterns in the previous analysis.

The habitats fell into two general series: pure
mamane woodland units and mixed mamane-

naio woodland units. In each series, units
ranged from taller, more forested to shorter,
more open habitat. Additional contrasts were
made between native and exotic understories
and between points lying within and outside
Pohakuloa flats.

Palila densities were highest in tall, more
forested habitat in both the mamane and ma-
mane-naio series, the maximum density of 206
birds/km? occurring in 1981 in tall, partly
closed, mamane-naio woodland with a native
understory (Table 5). Tall, partly closed, ma-
mane-naio woodland had significantly higher
Palila density (based on the 5-yr pooled values)
than did otherwise identical open woodland
(t=42,P <107%.

TaBLE 4. Habitat response models constructed by stepwise multiple regression. All equations are highly
significant (P < 0.001). Entries for variables are t-statistics. All variables entered are significant at P < 0.05;

* indicates P < 0.001.

Variable 1980 1981 1982 1983 1984
R? (variance accounted for) 0.236 0.361 0.171 0.300 0.178
Elevation — — — — —
(Elevation)? — — — — —
Mamane biomass 4.3* — — — 4.6*
Naio biomass — 8.1* — 3.0 —
Shrub cover —_ — — 24 —
Grass cover —-3.4* —4.8* =27 — —
Mamane flower — — 29 — —
Mamane fruit 2.1 — — — —
Naio fruit — -5.0* — 2.7 —
Pohakuloa flats -2.0 —-24 -3.2 —-6.2* —
Woodland width 5.7* 8.3* 5.7* 6.5 5.6*
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TABLE 5. Annual variation in Palila density by habitat type. Height: tall 5-10 m, short 2-5 m. Crown cover:
partly closed 50-60%, open 20-40%, scattered 5-20%, very scattered 0-5%. u/s = understory. Superscripts

distinguish significantly different years according to the protected Isd test.

Palila densities (birds/km?)

Habitat type Stations
(height, cover, understory) sampled 1980 1981 1982 1983 1984 Pooled
Pure mamane woodland
Tall, open, native u/s x 36 870 69° 720 13- 41+ 57
SE 26 21 22 5 10 8
Tall, open, exotic u/s x 21 36 14 21 0 53 25
SE 14 8 15 0 19 6
Short, open, native u/s x 53 8 16 14 16 0 11
SE 5 7 5 6 0 2
Short, scattered, mixed u/s x 35 13 21 25 1 14 15
SE 6 7 8 1 7 3
Short, very scattered, mixed u/s x 14 0 0 0 0 0 0
SE 0 0 0 0 0 0
Mixed mamane-naio woodland

Tall, partly closed, native u/s b4 35 50° 206° 372 732 23 78
SE 15 38 9 15 7 9
Tall, open, native u/s (outside x 42 23e 79° 34 182 13* 34
Pohakuloa flats) SE 7 20 13 6 6 5
Tall, open, native u/s (in x 32 0 2 0 0 2 1
Pohakuloa flats) SE 0 2 0 0 2 1
Tall, open, exotic u/s x 22 5 4 16 26 12 12
SE 4 4 6 10 6 3
Short, open, native u/s x 13 12 0 0 6 6 5
SE 12 0 0 6 6 3
Short, scattered, mixed u/s z 22 0 4 5 0 0 2
SE 0 4 4 0 0 1

Tall open woodlands with native understo-
ries had significantly higher Palila densities
than did those with exotic understories (t = 3.2,
P < 0.01 for mamane and ¢ = 3.5, P < 0.001 for
mamane-naio). This probably reflected greater
food resources in native understory from ma-
mane and naio trees less than 2 m tall and from
Osteomeles. Exotic understories, which were
comprised almost entirely of grasses and cer-
tain rank herbs, may also provide less shelter.

A glaring exception to the strong response
of Palila to tall, open woodland with native
understory occurred within Pohakuloa flats,
where densities were significantly (t = 6.2, P <
10-%) below densities in virtually identical hab-
itat with comparable phenology at about the
same elevation.

Next, we compared tall and short open
woodlands with native understories. In both
habitat series tall woodlands had significantly
higher densities: about 5.3 times as high in

mamane (t =54, P < 1077), 7.2 times in ma-
mane-naio (t = 4.8, P < 107¢). Short scattered
woodlands with native or exotic understories
generate about the same level of Palila re-
sponse as short open woodlands (P > 0.30).
Short very scattered mamane “woodlands” had
no Palila, significantly fewer than short scat-
tered mamane woodlands (¢t = 5.4, P < 1077).
Although highest Palila densities occurred in
partly closed, mamane-naio woodland, pure
mamane woodland supported higher densities
than structurally similar mamane-naio wood-
land. In tall open woodland with native under-
story, Palila densities were 1.7 times higher in
mamane than in mamane-naio (t =23, P <
0.05); in tall open woodland with exotic under-
story, 2.0 times higher (t =1.9, P < 0.07); in
short open woodland, 2.3 times higher (¢t = 1.6,
P < 0.12); and in short scattered woodland, 7.8
times higher (t = 4.4, P < 10-5%). Overall, Palila
densities were higher in mamane than in struc-
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TABLE 6. Annual variation in flowering and fruiting intensity in habitats with significant annual variation
in Palila density. Superscripts distinguish significantly different years according to the protected lsd test.

Habitat type

Phenology intensity (% branches in flower/fruit)

(height, cover, understory) 1980 1981 1982 1983 1984
Pure mamane woodland
Tall, open, native understory
Mamane flowers 13* 52 23¢ 3 11°
Mamane fruit 42 12° 28¢ 28 30¢
Mixed mamane-naio woodland
Tall, partly closed, native understory
Mamane flowers 27¢ 20b< 554 1520 8
Mamane fruit 9ab 13¢ 4 14® 8
Naio fruit 72® 150« 92> 19¢ 3=
Tall, open, native understory
(outside Pohakuloa flats)
Mamane flowers 152 9 35° 92 92
Mamane fruit 28 250 52 52 3=
Naio fruit 100 10° 5ab 18¢ 20

turally similar mamane-naio (x? = 38.6, df =8,
P <10-9).

In general, Palila thus preferred (1) greater
crown cover, (2) greater canopy height, (3) na-
tive instead of exotic understory, (4) locations
outside Pohakuloa flats, and (5) pure mamane
woodland over structurally comparable mixed
mamane-naio woodland.

Annual variation in habitat response.—Annual
variation in Palila densities was significantly
greater than would be expected if the variation
were random in three habitat types: tall open
mamane woodland with native understory (F =
2.6, P = 0.05); tall, partly closed mamane-naio
with native understory (F = 13.4, P < 10-%);
and tall, open mamane-naio with native under-
story (F = 5.1, P < 0.001). This annual variation
may be plausibly attributed to variation in food-
resource levels, particularly mamane pods, the
staple of the Palila diet.

In tall open mamane with native understory,
Palila densities in 1983 were significantly low-
er than in 1980-1982 (Table 5), and both ma-
mane pods and mamane flowers were at their
lowest level in 1983 (Table 6). Hence, in 1983
Palila may have experienced severe food short-
age in this habitat and emigrated, whereas in
the low pod year of 1980, pods were twice as
abundant as in 1983, and mamane flowers were
also more abundant and may have been an al-
ternative food.

Extremely high Palila densities in 1981 in tall,

partly closed mamane-naio with native under-
story coincided with high mamane flower, ma-
mane pod, and naio fruit levels. Phenology val-
ues were also high in 1983. At first glance, the
1983 density value (73 birds/km?) does not seem
to corroborate the pattern of high density/high
phenology, but the Palila population was very
low that year, and 73 birds/km? was by far the
highest Palila density in the 11 habitat types in
1983. Compared with the mean density, den-
sities in tall partly closed mamane-naio were
2.1 times the annual mean in 1980, 4.5 in 1981,
1.6 in 1982, 4.5 in 1983, and 1.6 in 1984, sug-
gesting similar high responses in 1981 and 1983.

Finally, in tall open mamane-naio with na-
tive understory, both Palila densities and ma-
mane pods were at significantly higher levels
in 1981 than in other years. In the 1981 habitat-
response model (Table 4), the combination of
positive naio biomass and negative naio fruit
terms may indicate that Palila were keying in
on the mamane pods in this habitat and ignor-
ing naio fruit in other areas. Mamane flowers
were significantly more abundant in 1982 than
in other years, and this may have led to slightly
higher Palila densities in 1982 than in 1980,
1983, or 1984 for that habitat.

Contour graphs.—To give an impression of an-
nual variation in habitat response, we con-
structed contour graphs (Fig. 8) of Palila den-
sity as a function of two important variables—
woodland width and total tree biomass. The
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Fig. 8. Habitat response of Palila with respect to woodland width and total tree biomass.

latter variable was logarithmically scaled to in-
dex general forest development.

The graphic responses more or less paral-
leled the correlations of Palila with these two
variables (Table 3). The dependence of Palila
on wider woodlands and structurally more
complex habitat appeared in each graph, but
annual variation was also apparent. Palila were
especially associated with wide woodlands in
1980, 1982, 1983, and 1984, the years of reduced
abundance, but in 1981 the Palila ranged fre-
quently into narrower woodlands. Similarly for
total tree biomass, the broadest range of occur-
rence was in 1981.

The graphs also indicate that Palila appar-
ently tolerated very narrow woodlands more
readily than very sparse habitat. This may rep-
resent the occasional use of small, somewhat
isolated patches of suitable habitat and the gen-
eral avoidance of scattered trees (no matter how
much good habitat is nearby) and, hence, illus-
trates a degree of active habitat selection.

These results thus fit Diamond’s (1975) “hot
spot” model of a species expanding out from
and contracting in to the best remaining habi-
tat as the population fluctuates. The Palila pat-
tern is also similar to that of the Kirtland’s War-

bler (Dendroica kirtlandii) during its recent
population decline (Mayfield 1972, Byelich et
al. 1976).

DIsCUSSION

Comparability of methods with 1975 survey.—
Because our method of determining range and
density differed from that of van Riper et al.
(1978), we should consider the possibilities that
may account for the differences in population
size. The Emlen transect method that van Riper
et al. (1978) used has been directly compared
with the variable circular-plot method in sev-
eral studies (Edwards et al. 1981, Anderson and
Ohmart 1981). The two methods provide com-
parable numbers when sample sizes exceed 30.
In addition, densities derived from variable cir-
cular-plot estimates and mapped plots are very
similar (DeSante 1981). Thus, we believe that
the variable circular-plot method provides
density estimates comparable to those obtained
with the Emlen line transect.

Van Riper et al. (1978) defined range as that
area bounded by a line connecting the outer-
most sightings. This is a conservative measure
of range, which includes less area with low bird



660

densities than does a range based on incidental
records, elevation, and presence of suitable
habitat. The density values are thus higher in
the more conservative definition of range, but
the population estimates derived from the two
methods should be comparable.

Area of historic range occupied.—Van Riper et
al. (1978) estimated that in 1975 the Palila oc-
cupied only 10% of its historical range, defined
as equivalent to the range of mamane forests
on Hawaii. We now have a more accurate es-
timate of the area of mamane forests, 545 km?,
than was available during 1975. We found the
Palila in 139 km?, or 25.6%, of the 545 km? of
extant mamane woodlands.

The present distributional pattern suggests a
relict population. Indeed, as a result of hab-
itat degradation and avian diseases at lower el-
evations, Palila may now be restricted to areas
that historically were less than optimal habitat
but that are the best remaining.

Historical patterns of distribution and abun-
dance.—Considering the present distribution
and abundance of the Palila in a historical con-
text gives perspective on the factors that pres-
ently limit the population. Before the first
Polynesians arrived about A.D. 400, the low-
lands of the main islands supported extensive
dryland forests that included mamane. Fossil
evidence (Olson and James 1982) indicates that
Palila apparently occurred down to sea level in
these forests on Oahu and probably on other
islands as well. The Polynesians converted dry
lowland forests to grasslands by burning (Kirch
1982). By the time of Western contact (1778),
Palila, along with several other finch-billed
honeycreepers (Rhodacanthis flaviceps, R. pal-
meri, and Chloridops kona), were evidently re-
stricted to the mid- and high elevation dry for-
ests of Kona and Mauna Kea. Scott et al. (in
press) estimated that Palila occupy less than 5%
of their pre-Polynesian range.

In 1891, Palmer (in Rothschild 1900) found
Palila abundant in Kona from 1,200 to 1,800 m
elevation. Perkins (1893) also found them quite
common in Kona in 1892, but in 1894 and in
1896 he found only two birds (Munro 1944,
Banko 1979). Munro (1944) visited Perkins’
Kona sites in 1936 and failed to find Palila, as
did Richards and Baldwin (1953) in 1946. Palila
were found in Kona neither during the 1978
Hawaii Forest Bird Survey (Scott et al. in press)
nor during recent searches by other workers
(C. van Riper, III, J. G. Giffin pers. observ.; R.
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Bachman, P. Banko, W. Banko, D. Jenkins, H.
Sakai, R. Walker pers. comm.).

Palila were extirpated from Kona between
1896 and 1936, we believe most probably
around 1900-1910, contemporaneous with the
extinction of the three other finch-billed hon-
eycreepers. Ranching activities in the late 19th
century (e.g. water impoundment, forest clear-
ing) most likely accelerated the mosquito inva-
sion of higher elevations by creating high-ele-
vation breeding sites. The rapid disappearance
of the four species in Kona may have been due
to their lack of immunity to avian malaria or
pox, as Warner (1968) and van Riper et al. (1982)
suggested. In addition, Kona is subject to strong
winter winds from the south and west that blow
mosquitos up to the higher elevations. Water
troughs at 1,500 m elevation in Kona held large
populations of mosquito larvae in the summer
of 1978 (J. M. Scott pers. observ.).

Role of feral ungulates in mamane-naio wood-
lands.—Feral ungulates have had a severe im-
pact on Palila habitat on Mauna Kea and ap-
pear to be the major factor that indirectly limits
the present distribution of the Palila. Ungu-
lates generally prefer mamane, Osteomeles, and
native grasses over naio and exotic herbs and
grasses (Giffin 1976, 1982; van Riper 1980b).

In 1823, immense feral cattle (Bos taurus) herds
were reported on Mauna Kea, and by 1904 an
estimated 10,000 feral cattle were on Mauna Kea
(Ellis 1917). By 1931 feral cattle had been elim-
inated from the upper elevations of Mauna Kea
(Tomich 1969). Damage to mamane forests by
feral cattle is incompletely documented, but
Rock (1913) and Warner (1960) describe some
effects.

Feral sheep (Ouvis aries) did not become abun-
dant until after the decline of cattle, although
sheep carcasses were found near the summit of
Mauna Kea in 1822 (Ellis 1917), and Bishop
(1852) estimated 3,000 feral sheep on Hawaii in
1851. Feral sheep numbers were limited for
many years by feral dogs (Canis familiaris) (Judd
1936), but the dogs were eliminated from
Mauna Kea around 1920 by poisoning (Tomich
1969). By 1937, an estimated 40,000 sheep oc-
curred on Mauna Kea (Bryan 1937), and control
measures were initiated to protect the habitat.
Only 200 sheep remained (Giffin 1976) in 1950,
when management of Mauna Kea changed to
sustained yield hunting. Sheep gradually in-
creased in numbers, fluctuating between 1,000
and 4,000, from 1955 to 1975 (Giffin 1976), but
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the subalpine woodland steadily deteriorated
with as few as 1,500 sheep on the mountain
(Warner 1960, Scowcroft and Giffin 1983). Ber-
ger (1981) estimated that treeline had receded
200 m in elevation since the 1850’s due to sheep
activity. Following a legal ruling under Section
9 of the Endangered Species Act, virtually all
feral sheep were removed from Mauna Kea by
July 1982. Small numbers of sheep still immi-
grate from adjacent lands, however.

Mouflon (Ovis musimon) were released in 1963
on the east flank of Mauna Kea (Tomich 1969)
and are potentially as destructive as feral sheep
to the subalpine woodland (Giffin 1982). The
continued presence of sizable populations of
mouflon in areas 2 and 3 portends further hab-
itat degradation there.

We have noted a vigorous resurgence of na-
tive understory vegetation in area 1, from which
feral sheep have been removed. A similar re-
generation of the understory and mamane trees
in area 2 would be expected if mouflon were
eliminated from the mountain. Several sight-
ings of mouflon in area 1 since 1981 (J. G. Giffin
unpubl. data) further indicate the need to re-
move mouflon.

Feral goats (Capra hircus) figure prominently
in the vegetation destruction on Mauna Loa and
Maui and apparently occurred on Mauna Kea
in some numbers in the 1930’s, although they
were not as destructive as sheep (Judd 1936).
Goats persisted on Mauna Kea until their vir-
tual extirpation during the 1982 sheep remov-
al.

The degradation and fragmentation of the
subalpine woodland by feral ungulates has
contributed greatly to the reduction in range
and population size of the Palila. The negative
impact of feral ungulates on Palila habitat is
also made clear by the negative response of
Palila to grass cover and their positive response
to less heavily browsed shrub understories. It
is expected that the numbers of Palila will in-
crease with the removal of feral ungulates (Ber-
ger et al. 1977), although the response will be
delayed until mamane trees reach suitable sizes.

Present limiting factors.—Because mamane pods
are the chief food of Palila, seasonal variation
in pod abundance and distribution affects Pali-
la abundance and distribution. Van Riper
(1980b) found that mamane phenology varied
with elevation and exposure, so that edible pods
were available on the mountain at all times of
the year. Areas with the greatest elevational
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range of good mamane forest thus provide the
best opportunities for Palila to exploit shifts in
abundance of mamane pods and flowers. This
is reflected by the strong correlation we found
between Palila density and woodland width.
Relatively low densities of Palila on the south-
east slopes of Mauna Kea (transects 109-113)
may be due to the narrow width (1-2 km) of
the mamane woodland in that area. Allowing
the heavily grazed pasture that lies below the
forest reserve fences to return to mamane
woodland offers a good opportunity for in-
creasing Palila and re-establishing populations
in these areas. Planting trees may be necessary
in some areas.

Branch size potentially affects Palila density,
because Palila are fairly heavy birds (40 g) and
are unable to obtain pods hanging from small-
er twigs (van Riper 1978). Trees with multiple
small trunks and correspondingly smaller
branches occur in some areas as a result of heavy
browsing pressure, and elsewhere small trees
indicate recent release from past browsing ac-
tivity. A combination of small trees and narrow
elevational width of subalpine woodland may
explain the absence of Palila on the north and
northwest slopes of Mauna Kea. These areas
are isolated from populations on the southwest
and southeast slopes by large gaps in suitable
habitat and by very narrow habitat corridors
on the east slopes, which makes colonization
difficult.

Pohakuloa flats.—The stations lying in Poha-
kuloa flats exhibited an extraordinary depres-
sion in Palila density compared with stations
outside that area in similar habitat (Table 5).
Reports from R. L. Walker and E. R. Kosaka,
who lived in the flats for a period of years in
the 1950’s and 1970’s, indicate that Palila have
been absent from the flats for at least the past
30 yr. Although the absence of Palila in the
flats remains unexplained at this point, the most
plausible hypotheses are site tenacity, thermal
stress, and disease, several other hypotheses
being less probable.

The absence of Palila in the flats may be
caused by some unspecified factor that operat-
ed once, say, in the past 50 or 100 yr, such as
the destruction of vegetation by sheep 50 yr
ago. According to this hypothesis, Palila could
now inhabit the flats, but because of strong site
tenacity there are virtually no potential colo-
nizers. Site tenacity might also work in con-
junction with a factor that operates intermit-
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tently every several years, such as infrequent
incursions of malaria-infected mosquitoes.

Palila are relatively intolerant of heat com-
pared with other passerines, and their upper
critical temperature is only 31°C (Weathers and
van Riper 1982). Temperature records at the
Pohakuloa Endangered Species Captive Prop-
agation Facility indicated monthly highs in ex-
cess of 33°C for over half the months during
1978-1982 (R. Bachman unpubl. data). At a
nearby airfield weather station, highs above
29°C were recorded for 3 months of the year,
and a high of 31°C for 1 month, during 1979-
1980 (Bradshaw Airfield, unpubl. data). At Puu
Laau, center of Palila distribution, the highest
temperature during 1973-1975 was 29°C (van
Riper 1980a). Thus, temperatures in the flats
may rise to levels that are unsuitable for Palila
on sunny calm days.

The occasional presence of disease in Poha-
kuloa flats may kill Palila. This hypothesis is
plausible, because: (1) Palila are very suscepti-
ble to avian malaria (van Riper et al. 1982) and
in all probability are susceptible to avian pox;
(2) night-biting mosquitoes, the vector for ma-
laria, occasionally occur in the flats and breed
in water impoundments in that area; (3) large
populations of exotic birds, especially gallina-
ceous gamebirds, House Sparrows (Passer do-
mesticus), House Finches (Carpodacus mexicanus),
Red-billed Leiothrix (Leiothrix lutea), and Com-
mon Mynas (Acridotheres tristis), are established
around sites of human activity in the flats, and
may serve as reservoirs for pathogenic organ-
isms; and (4) avian disease is believed to be
responsible for a large portion of the extinc-
tions and range contractions of the native
Hawaiian forest birds that have occurred in the
past century (Warner 1968, van Riper et al. 1982,
Scott et al. in press). Because human activities
and some exotic passerine populations (House
Sparrows, Common Mynas) are restricted to the
flats, the disease-affected area would be fairly
small and constitute the flats and immediately
adjacent slopes, exactly where Palila are inex-
plicably absent.

Many other potential explanations can be
hypothesized for the absence of Palila in the
flats. Disturbance from military activities—ar-
tillery practice, troop movements—may be high
at times. Predation from feral house cats (Felis
domesticus), roof rats (Rattus rattus), or the small
Indian mongoose (Herpestes auropunctatus) may
be excessive in the flats, although van Riper
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(1978) found all three predators present at Puu
Laau, where highest densities of Palila, Elepaio
(Chasiempis sandwichensis), and Common Ama-
kihi (Hemignathus virens) occurred. The absence
may be due to stochastic population fluctua-
tions that resulted in local extinction, but the
habitat, and presumably the population, was
continuous with the high-density areas. In as
much as the flats would support 800 Palila, as-
suming 35 birds/km?, stochastic fluctuation to
extinction seems improbable. Studies with
caged and radio-tagged birds should prove use-
ful in testing hypotheses.

Management strategies.—Our study suggests
several management strategies to increase Pali-
la numbers and improve the survival pros-
pects. The most urgent need is control, or pref-
erably elimination, of mouflon on Mauna Kea
to prevent further degradation of mamane-naio
woodland and to encourage forest regenera-
tion, particularly near timberline. Substantial
tree and understory regeneration has already
occurred in area 1 following the removal of
sheep in 1982.

Even with feral ungulates removed, the sub-
alpine woodland is threatened by exotic plants
and fire. In 1979 a fire consumed 200 ha of ma-
mane-naio woodland adjacent to the high-den-
sity area. Fountain grass (Pennisetum setaceum),
an aggressive, fire-adapted African tussock grass
that has recently established colonies on the
south slopes of Mauna Kea, could fuel future
fires. Another potential problem is German ivy
(Senecio mikanioides), a choking, climbing liana
that has recently been discovered as a sporadic
infestation over about 500 ha near Puu Laau.
Effective control measures for these noxious in-
troductions are needed before they expand be-
yond their tenacious toeholds.

An appropriate long-term management strat-
egy is to restore the very scattered mamane
woodlands that lie below transects 110-114 on
the southeast slopes of Mauna Kea by remov-
ing cattle and possibly planting seedlings. The
importance of woodland width in ensuring a
good stock of mamane pods year round indi-
cates high potential for dramatic response in
Palila density as these areas return to wood-
land. Cattle grazing should also be barred on
the northwest and north slopes of Mauna Kea
to re-establish Palila in area 3.

Finally, if disease proves to be responsible
for the absence of Palila on Pohakuloa flats,
then strict measures are needed to control mos-
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quito breeding sites and exotic passerine pop-
ulations, particularly House Sparrows and
Common Mynas.
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