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Long-term response of the mamane forest to feral
herbivore management on Mauna Kea, Hawaii

E. REDDY1,4, D.H. VAN VUREN1, P. G. SCOWCROFT2, J. B. KAUFFMAN2,5 and L. PERRY3

Seven exclosure sites located on Mauna Kea, Hawaii and established in the 1960s and 70s were sampled to
characterize long-term response of the mamane (Sophora chrysophylla) forest to protection from feral sheep grazing,
and to assess impacts of non-native plant species and recurrent sheep presence on forest recovery. The forest
provides essential habitat for an endangered bird, the palila (Loxoides bailleui). Vegetation was sampled inside
exclosures during 1972–1976, 1998, and 2009, and also outside exclosures during 2009. Patterns of response
varied among exclosures, but overall, mamane trees and native shrubs showed increasing cover between the 1970s
and 1998, then a slowed rate of increase in cover or a decline between 1998 and 2009. Cover of native herbaceous
vegetation showed variable trends between the 1970s and 1998, and then appeared to decline between 1998 and
2009. Mamane height class distributions inside exclosures indicated that recruitment was initially high but then declined
as heights shifted toward larger size classes, and presumably an older age distribution. We found limited evidence
of a negative effect of non-native species on forest regrowth, but the effect was not consistent over time or
among sites. Recurrent sheep presence outside exclosures negatively affected mamane canopy density and perhaps
tree density at all sites, and mamane condition at some sites. Our results indicate that the mamane forest has
shown substantial regrowth inside exclosures at some sites, especially those protected the longest. However, these
exclosures represent a small portion of the mamane forest. Sheep presence continues to impact mamane recovery
outside exclosures, and thus habitat quality for the palila.
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INTRODUCTION

DOMESTICATED sheep, goats, pigs, and cattle
have been introduced to many island ecosystems
and subsequently become feral. Feral herbivores
often damage native ecosystems, either directly
through consumption of native vegetation or
indirectly through trampling and erosion (Cruz
and Cruz 1987; Van Vuren and Coblentz 1987;
Nogueira-Filho et al. 2009). Herbivores can be
especially damaging on islands because native
plants frequently evolved in the absence of
herbivores and thus lack the appropriate defenses
(Bowen and Van Vuren 1997). The result can be
dramatic alteration of vegetation cover and species
composition in island ecosystems (Spatz and
Mueller-Dombois 1973; Muerk 1982; Allen et al.
1984). Herbivores can deplete seedbank reserves
and restrict vegetation to inaccessible areas, in
some cases driving species to senescence or
extinction (Baker and Reeser 1972; Mueller-
Dombois 1979; Garcillan et al. 2008). Woody
species may be especially vulnerable because of
their slower growth and longer generation
times as compared with herbaceous species.
Furthermore, damage to woody species can lead
to the decline of native vertebrates that depend
on these plants for food or shelter (Leathwick et
al. 1983; Van Vuren and Coblentz 1987; Kessler
2002).

Managers of many island ecosystems have
eradicated non-native herbivores (Campbell and
Donlan 2005; Carrion et al. 2007; Knowlton et al.

2007), and some damaged forests have shown
remarkable regeneration after herbivores are
excluded (Allen et al. 1984; Wehtje 1994; Cabin
et al. 2000; Morrison 2007). Because eradication
is not always practical, management of some
populations involves density reduction, either
sustained or intermittent; however, this approach
maintains the risk of continued damage to
palatable plant species (Allen et al. 1984; Parkes
1990; Scowcroft and Conrad 1992; Van Vuren
1992). In addition, even when herbivores are
eliminated, the trajectory of forest recovery is
uncertain. Herbivore preferences for palatable
plants can allow other plant species to gain an
advantage (Baker and Reeser 1972; Muerk 1982;
Allen et al. 1984). Non-native plants, especially
invasive grasses, may benefit because they are
frequently unpalatable, and also can have greater
reproductive capacity and/or competitive ability
(Scowcroft and Conrad 1992).

The mamane (Sophora chrysophylla) forest on the
island of Hawaii lies at high elevations on Mauna
Kea volcano and has been severely degraded by
feral herbivores, especially sheep (Scowcroft 1983;
Scowcroft and Giffin 1983; Scowcroft and Sakai
1983). Mamane is an endemic species that is
highly preferred by sheep (Scowcroft and Giffin
1983). Furthermore, the forest provides essential
habitat for an endangered bird, the palila
(Loxoides bailleui) (Banko et al. 2002). Feral sheep
control via density reduction or exclusion
resulted in measurable regeneration of native
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vegetation in the mamane forest within 15 years
(Scowcroft and Giffin 1983; Hess et al. 1999).
However, forest recovery was variable among
localities, which may reflect local differences in
grazing history and prevalence of invasive grasses
that can suppress establishment of mamane
seedlings (Hess et al. 1999; Denslow et al. 2006).
Furthermore, the response of palila to forest
recovery has been limited (Hess et al. 2001;
Banko et al. 2009). Palila prefer large mamane
trees (van Riper 1980), a size that may require
30 years or more to reach (Scowcroft and Conrad
1988). Few studies, however, have examined long-
term community responses to ungulate exclusion
on islands (Allen et al. 1984; Scowcroft and
Giffin 1983; Scowcroft and Conrad 1988; Cabin
et al. 2000).

In order to assess sheep impacts on the
mamane forest, exclosures were established in the
1960s and 1970s on Mauna Kea (Scowcroft and
Giffin 1983; Scowcroft and Conrad 1988),
providing an opportunity to assess long-term
trends in response of the mamane forest after
sheep exclusion. Further, unprotected plots
adjacent to each exclosure allowed assessment of
the effects of intermittent sheep recurrence on
forest regrowth. We sampled exclosures at three
time intervals since establishment, and also
sampled the paired plot of each exclosure at the
last time interval. In order to characterize long-
term response of the mamane forest and to assess
the impacts of non-native plants, we evaluated
trends in cover of vegetation and heights of
mamane trees over time. In order to assess the
impacts of recurrent sheep grazing, we compared
characteristics of mamane trees inside and outside
exclosures.

METHODS

Study area

The mamane forest occupies a band from 1 800
to 3 000 m in elevation on the island of Hawaii
(19° 49' N, 155° 28' W); temperatures range from
highs of 20°C to near freezing (van Riper 1980).
On eastern windward slopes, median annual
rainfall ranges from 70 cm at tree-line to
160 cm at lower elevations. On leeward slopes,
precipitation is much lower at all elevations. Soils
are unstable due to steep slopes and coarse
textures derived from cinders and ash (Hartt and
Neal 1940). The coarse structure and low amount
of organic matter limit soil capacity to hold water,
and create conditions that are harsh for plant
growth (Hartt and Neal 1940).

Forest canopy cover ranged from sparse (<5%)
to dense (60%) in 1980 (Scott et al. 1984), but
dense forest was uncommon (Scowcroft and
Conrad 1992). Mamane is the dominant tree
species in the subalpine zone, and it is co-

dominant with naio (Myoporum sandwicense) on the
southwestern slopes of the volcano (Scott et al.
1984). Near tree-line, mature mamane trees
average <8 m in height. The trees have
polymorphic growth forms, often with more than
one stem. The forest supports few shrub species,
with the endemic pukiawe (Leptecophylla
tameiameiae) being the most common. Native
herbaceous species include three endemic grasses
(Trisetum glomeratum, Deschampsia nubigena, and
Agrostis sandwicensis), two sedges, and four ferns
(Scowcroft and Giffin 1983; Scowcroft and
Conrad 1992). While all the native plants have
been damaged by browsing, the most susceptible
are mamane and the native grasses (Scowcroft and
Conrad 1992).

Sheep grazing history

Feral sheep (Ovis aires) became established on
Mauna Kea in the 1820s and increased in
numbers, reaching 40 000 by the early 1930s
(Scowcroft and Conrad 1992). Because of obvious
damage, sheep numbers were reduced to about
500 by 1950. Starting in 1955, sheep were
managed below 5 000 individuals under sustained
yield for public hunting, but damage continued.
Mouflon sheep (O. gmelini musimon) were
introduced in 1962 for hunting purposes
(Scowcroft and Conrad 1992). Development of a
recovery plan for the palila pursuant to the US
Endangered Species Act of 1973, as well as
federal court rulings, called for the removal of
feral sheep and later mouflon sheep from palila
critical habitat (Scowcroft and Conrad 1988;
Banko et al. 2002). However, sheep were not
prevented from re-invading from adjacent areas
of Mauna Kea (Scowcroft and Conrad 1992).
Further, eradication efforts forced sheep upslope,
resulting in greater damage to vegetation near
tree-line (Scowcroft and Conrad 1988). By 2008,
palila critical habitat appeared free of feral sheep,
but hybrid sheep (feral x mouflon) remained and
actually may have increased despite intensive
control efforts 1999–2008 (Banko et al. 2009). In
other areas of the mamane forest, all three types
of sheep were still present.

Exclosure sites

We sampled a total of seven exclosure sites (Fig.
1). Six of the sites were described by Scowcroft
and Giffin (1983) and established in 1963 (Puu
Nanaha, Puu Kole, and Kaluamakani) or 1972
(Hale Pohaku, Puu O Kauha and Wailuku). The
seventh site, Hill 8987, was established in 1976
as a 0.3 ha exclosure on a southeast-facing, 15-
degree slope at an elevation of 2663 m, with soil
type being Huikau loamy sand and annual
precipitation of 381–635 mm. Exclosures were
established near tree line at 2663–2860 m
elevation, where browsing pressure was greatest,
and their locations were chosen to represent the
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diversity of soil and precipitation regimes existing
on the mountain (Fig. 1). Exclosures were
rectangular, and at each of the seven sites, a
paired, unexclosed plot of the same size was
established <15 m away at a location selected for
similarity of soil type, slope, and exposure. The
Wailuku exclosure (0.9 ha), the only exclosure
>0.4 ha in size, was subsequently expanded for
use as a silversword (Argyroxiphium sandwicense)
sanctuary; we randomly selected a 0.4 ha region
within the original exclosure that did not include
silversword plantings.

To evaluate changes in vegetative cover inside
each exclosure over time, five of the exclosure
sites (Puu Nanaha, Puu Kole, Kaluamakani, Hale
Pohaku, and Hill 8987) were sampled during
three periods, 1972–1976, October 1998, and
April–May 2009. To assess effects of sheep
recurrence on forest response, we compared
vegetation inside and outside of these five
exclosures, as well as two additional exclosures
(Puu O Kauha and Wailuku), sampled only
during April–May 2009. Sheep presence in
outside plots was likely intermittent, and the
specific history of sheep presence at each site was
unknown.

Vegetation cover sampling

Vegetation cover was sampled at the five long-
term exclosure sites, using the line intercept
method (Mueller-Dombois and Ellenberg 1974) to
estimate percent cover for each species. To assess
long-term response of vegetation, we sampled only
the inside of exclosures. At the time of initial
sampling (1972–1976), five 30 m transects were
located systematically inside each exclosure and
marked to facilitate relocation. Transects extended
parallel to elevational contours at each site, and
were spaced approximately 20 m apart (Fig. 2).

Each plant encountered along a transect was
recorded by species, and the total length of

Fig. 1. Location of sheep exclosures within the Mauna
Kea Forest Reserve, Island of Hawaii.

Fig. 2. Schematic showing dimensions of fenced and
unfenced sample plots, the location of the line
transects that were used to estimate plant cover,
and the division of the area into sub-plots that
were used to quantify mamane tree attributes.

intercept of each species along the transect was
measured to the nearest centimeter. If more than
one plant occurred at a given point along the
transect, the intercept of the plant with the
uppermost cover was recorded. Multiple plant
species at a given point were uncommon, and
most such instances involved non-native grasses
and forbs growing beneath mamane trees,
resulting in a slight underestimate of cover of
non-native plants.

Mamane sampling

Mamane height was sampled inside the five
long-term exclosures in 1998 and again in 2009.
In 2009, mamane tree density, canopy density,
condition, and reproductive potential were also
sampled at all 14 plots (seven inside, seven
outside). Each of the plots was divided into six
belts, delineated by the five line transects and the
edges of the plot (Fig. 2), and the belt in which
each tree was encountered was recorded. In 1998
all mamane trees were measured, but by 2009 a
total census was not feasible at five of the 14
plots due to high mamane density. Thus, for
these five plots we measured a random sub-sample
of mamane trees. We divided each belt into
thirds, generating a six by three grid. We selected
one grid cell at random from each of the six
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belts and measured all mamane trees in the six
cells (Fig. 2).

Mamane trees were considered to be different
individuals if trunks were separated by an
arbitrary distance of >0.3 m at the base. Height
of each mamane tree was measured to the nearest
0.1m. Tree density (trees/ha) was calculated by
dividing the number of trees sampled at each
location by the area sampled; for sub-sampled
plots, this area was 1/3 the size of the plot.
Canopy density (m2/ha) was determined by
measuring the major and minor axes of the
canopy of each tree, calculating canopy area of
each tree using the formula for an ellipse,
summing canopy areas for each location, then
dividing by the area of the plot sampled.
Condition of each tree was scored on a rank
scale, based on a visual estimate of the percentage
of canopy branches alive. A ranking of 0
indicated 0–25% live canopy cover, 1 indicated
25–50%, 2 indicated 50–75%, and 3 indicated
75–100%. To assess reproductive vigor we
searched each tree for presence of flowers, newly
formed seed pods, green seed pods, and dried
seed pods, and assigned one point for the
presence of each of these structures to create an
index of reproductive potential (range, 0–4, with
0 as absence of any structures and 4 as presence
of all structures). The average number of
reproductive structure types per tree was
calculated for each belt, and then values for each
belt were averaged to yield one value per location.

Analyses

We characterized vegetation response at the five
long-term exclosures by combining species into
three life-forms: native trees, native shrubs, and
native herbaceous species. To determine if the
year of sampling had an effect on percent cover,
we performed two-way ANOVAs for each
vegetation life form and examined the effects of
year, using a logit transformation to satisfy
parametric assumptions of the model
(Schabenberger and Pierce 2001). To evaluate
changes in mamane stand structure over time, we
combined tree heights into height-class
distributions. To assess the impact of non-native
plants, we compared changes in cover between
native and non-native plants, and more
specifically between mamane trees and non-native
grasses. If non-native plants inhibit the
establishment and growth of native plants, an
increased cover of non-native plants should result
in decreased cover of native plants, generating an
inverse relationship over time.

We assessed the effect of recurrent sheep
presence by testing for differences, inside versus
outside exclosures, in mamane tree density,
canopy density, height, condition, and
reproduction, using data from 2009. We used a

Fig. 3. Changes in percent cover over time for native
trees, native shrubs, and native herbaceous
vegetation inside of each of five sheep exclosures,
Mauna Kea Forest Reserve, Island of Hawaii.
Exclosures were established in 1963 (Puu Nanaha,
Puu Kole, and Kaluamakani), 1972 (Hale Pohaku),
and 1976 (Hill 8987).
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Wilcoxon signed-rank test among plots for tree
density and canopy density because these two
variables were calculated for the entire plot, and
hence they lacked replication. For height,
condition, and reproduction, we performed two-
way factorial ANOVAs (Schabenberger and Pierce
2001) for site, inside/outside treatment, and site
by inside/outside treatment interaction, with
belt treated as a random factor and nested
within inside/outside treatment. All statistical
analyses were performed using programme JMP,
version 5.0.1a. 

RESULTS

Native Species Cover

The only native tree recorded along transects
was mamane, although naio was present at some
sites. Between the 1970s and 1998, percent cover
of native trees initially increased at most sites, but
between 1998 and 2009 percent cover either
increased at a slower rate or decreased (Fig. 3).
Native shrub cover, which comprized mostly
pukiawe, increased between the 1970s and 1998
at most sites, but between 1998 and 2009 native
shrub cover increased at a slower rate or
decreased. Cover of native herbaceous vegetation
remained sparse at all locations (<10% of total
cover at all sampling periods) and consisted
primarily of grasses and sedges, with native ferns
and forbs <1% of total cover. Native herbaceous
vegetation showed a variable response between the
1970s and 1998, with increases in cover at some
sites, but decreases in cover at most sites between
1998 and 2009. These trends were supported by

the ANOVA. Year effects were not significant for
trees (P = 0.98) nor herbaceous species (P= 0.85),
but approached significance for native shrubs (P
= 0.07), suggesting that shrubs maintained a
more consistent trajectory of increased cover over
time than did trees or herbaceous species.
Changes in cover over time varied considerably
among sites for all vegetation life forms, with
Hale Pohaku showing very low percent cover of
all life forms throughout the study period (Fig. 3).

Mamane Height Distribution

At all sites there was evidence of a shift over
time in the distribution of mamane heights
toward larger height classes, thus presumably an
older age distribution (Fig. 4). At all sites except
Hale Pohaku, there was evidence of strong
recruitment during earlier time periods, as shown
by substantial percentages of trees less than 1 m
tall (Fig. 4). Combined with patterns of change
in percent cover (Fig. 3), these results suggest that
mamane recruitment between the 1970s and 1998
was relatively high at many sites, but was reduced
between 1998 and 2009.

Non-native Species

Non-native species recorded along transects
were entirely herbaceous, with grasses accounting
for 42–100% of non-native cover at each location.
In 2009 a previously undetected hybrid grass
(native Trisetum glomeratum with non-native Holcus
lanatus) was recorded at Puu O Kauha (21% of
herbaceous cover), but was excluded from the
analysis since it could not be categorized as either
native or non-native. Only two sites, Puu Kole

Fig. 4. Changes over time in height class distributions for mamane trees inside of five sheep exclosures, Mauna Kea
Forest Reserve, Island of Hawaii. Height class data for 1979 at Puu Kole, Kaluamakani, and Puu Nanaha were
adapted from Scowcroft and Giffin (1983) and Scowcroft and Conrad (1988). Exclosures were established in
1963 (Puu Nanaha, Puu Kole, and Kaluamakani), 1972 (Hale Pohaku), and 1976 (Hill 8987).
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and Kaluamakani, showed evidence of an inverse
relationship over time between native and non-
native cover, and between mamane and non-
native grass cover (Fig. 5). Further, these inverse
trends were only apparent between 1998 and
2009.

Effects of Sheep Exclosure

Mamane density ranged from about 500–1 200
stems/ha inside exclosures to about 60–800 stems/
ha outside at all sites except for Hale Pohaku,
where densities were very low both inside and
outside (Fig. 6a). Across sites, the difference in
mamane density inside and outside was not
statistically significant (P = 0.15), but did show
a trend toward significance that may have been
biologically important.

Mamane canopy density ranged from about 3
000–14 000 m2/ha inside exclosures to 1 000–6
000 m2/ha outside at all sites except Hale Pohaku,
where canopy densities were again very low both
inside and outside (Fig. 6b). The difference in
canopy density inside versus outside exclosures
was statistically significant (P = 0.034).

 Mean height of mamane trees ranged about
1.1–2.9 m inside exclosures and 0.8–3.6 m
outside (Fig. 6c). The ANOVA model for
mamane height was highly significant (P =
0.002, Rsq adj = 0.39) and showed no significant
main effect of inside/outside treatment (P =
0.524), but did show a highly significant effect
of site (P < 0.001) and a significant site by
inside/outside interaction (P = 0.006), indicating
that the effect of sheep exclusion on mamane
height varied by site.

Mean scores for condition of mamane trees
ranged about 1.2–2.7 inside exclosures and 0.2–
3.0 outside, corresponding to about 30–70%
branches alive inside and 5–75% branches alive
outside (Fig. 6d). The ANOVA model for mamane
condition was highly significant (P < 0.001, Rsq
Adj = 0.70), and showed no significant main
effect of inside/outside treatment, but did show
a highly significant main effect of site (P < 0.001)
and site by inside/outside interaction (P < 0.001).
The significant interaction indicates that the
effect of sheep exclusion on mamane condition
varied by site.

Fig. 5. Changes over time inside of five sheep exclosures for percent cover of native vegetation and non-native vegetation,
and mamane trees and non-native grasses, Mauna Kea Forest Reserve, Island of Hawaii. Exclosures were established
in 1963 (Puu Nanaha, Puu Kole, and Kaluamakani), 1972 (Hale Pohaku), and 1976 (Hill 8987).
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Mean scores for mamane reproductive potential
ranged about 0.2–1.5 inside exclosures and 0.1–
2.3 outside (Fig. 6e). The effect of sheep
exclusion on mamane reproductive potential
varied by site; the ANOVA model was highly
significant (P < 0.001, Rsq Adj = 0.19), and
indicated that both site and site by inside/outside
interaction were highly significant (P < 0.001 for
each). The effect of sheep exclusion was not
found to be significant in the model (P = 0.99),

indicating that mamane reproductive potential
varied in response to site more than in response
to sheep exclusion.

DISCUSSION

After 33–46 years of protection from sheep
grazing, recovery of native vegetation inside
exclosures, as indicated by changes in percent
cover over time, has shown variable patterns

Fig. 6. Comparison of sampled plots inside and outside of sheep exclosures for tree density, canopy density, height,
condition, and reproductive potential of mamane trees, Mauna Kea Forest Reserve, Island of Hawaii. Sites and
abbreviations, with year of exclosure establishment, are Hale Pohaku (HP, 1972), Puu Kole (PK, 1963), Wailuku
(W, 1972), Kaluamakani (K, 1963), Puu Nanaha (PN, 1963), Hill 8987 (H, 1976), and Puu O Kauha (POK,
1972). In 6d), the score for mamane condition ranges from 0 (0–25% of the canopy alive) to 3 (75–100% alive).
In 6e), the index of reproductive potential is the average number of reproductive structure types per tree, and
ranges from 0 (absence of flowers, dried seed pods, green seed pods, or newly-formed seed pods) to 4 (all four
reproductive structure types present).
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depending on vegetation life form and location.
Part of the variation among locations is due to
study design; exclosure locations were selected to
represent a diversity of soil, slope exposure, and
precipitation regimes (Scowcroft and Giffin 1983).
Nonetheless, some general patterns were
apparent. Woody species, primarily mamane and
pukiawe, showed a general trend of increased
cover between the 1970s and 1998, then a slowed
rate of increase or a decline between 1998 and
2009. This pattern is mirrored by changes in
heights of mamane trees over time, which suggests
that mamane recruitment was initially relatively
high but subsequently declined. Mamane regrowth
at the three oldest sites, Puu Nanaha, Puu Kole,
and Kaluamakani, appears to have peaked at
about 10–40% cover in 1998. The structure of the
mamane forest before sheep introduction is not
known, but this degree of canopy coverage may
represent the potential for each of these sites
under current conditions. Mamane recovery has
been minimal at Hill 8987 and Hale Pohaku; in
the case of Hale Pohaku, this could be due to
cinder soils that are poorly developed and harsh
for plant growth (Scowcroft and Giffin 1983).
Response of herbaceous vegetation was variable
among exclosures from the 1970s to 1998, and
then showed a general pattern of a decline in
herbaceous cover between 1998 and 2009.

The general pattern of reduced or reversed
trajectories of recovery between 1998 and 2009
suggests the influence of a region-wide change.
Drought has altered the recovery of plant
communities on other islands following removal
of herbivores (Klinger et al. 1994; Donlan et al.
2003; Chapuis et al. 2004), and drought may have
played a role in our study as well. Annual
precipitation at the Halepohaku-111 weather
station, located at the southern edge of the study
area, averaged 18% less during 1999–2009 (62.2
cm) than during 1963–1998 (75.4 cm). Further,
conditions were unusually dry during 2007–2009,
when precipitation averaged 39.5 cm, 48% below
the 1963–1998 average.

Non-native plants have influenced recovery of
native vegetation on other islands (Klinger et al.
1994; Donlan et al. 2003; Chapuis et al. 2004),
but their role in our study was unclear. We found
evidence of an inverse relationship over time
between native and non-native species, but only
at two of the sites and only between 1998 and
2009. If non-native species have an effect on
recovery of native species, our results suggest it
was expressed variably over time, possibly in
response to drought. However, perhaps our scale
of analysis was too coarse, and effects on native
species were real but caused by non-native species
whose effects in space and time were obscured by
the small percentage of the mountain sampled
and the broad classifications (non-native species,
non-native grasses) that we used.

Other factors also may have affected the
patterns of recovery that we observed, especially
the reduced or reversed trajectories between 1998
and 2009. Mamane may have been affected by a
root disease caused by the fungus Armillaria mellea
(Gardner and Trujillo 2001). Sheep may have
breached some exclosures and consumed
vegetation inside, although to our knowledge the
exclosures we sampled were maintained free of
sheep. Alternatively, these changes may reflect
community dynamics as larger mamane trees
outcompete smaller trees and other vegetation for
resources, in the relatively harsh conditions of a
community located near treeline and in poor
soils. These soils may have been degraded even
further as a result of long-term overgrazing and
trampling by sheep (Scowcroft and Giffin 1983).

Recurrent sheep presence outside exclosures
had an overall negative effect on mamane canopy
density and perhaps tree density, but not on
reproductive potential. For mamane height and
condition, the inside versus outside comparison
was not significant overall but did vary
significantly by site; in particular, two sites, Puu
Kole and Wailuku, showed greatly reduced
mamane condition outside exclosures (Fig. 6d).
Perhaps the principal overall effect of recurrent
sheep grazing is seedling mortality that leads to
reduced canopy and tree density, but for those
trees tall enough to exceed the reach of sheep,
reproduction is relatively unaffected. Height and
condition seem to be influenced by local
variations in site conditions and sheep presence.

Conservation Implications

Results from inside exclosures indicate that the
mamane forest will show substantial regeneration
if protected from sheep damage. However, the
response is variable among localities and over
time, perhaps due to the effects of factors such
as drought, non-native plants, disease, and soil
condition. Moreover, our results may be a
conservative estimate of recovery potential. Our
sites were located near tree line, which may
represent the limits of environmental tolerance for
mamane; hence, the potential for recovery from
sheep damage may be greater in lower-elevation
areas of the forest. Comparisons inside and
outside exclosures show that, despite intensive
efforts to reduce sheep numbers over several
decades, recurrent presence of sheep has a
significant negative effect on mamane recovery.

The endangered palila, which feeds almost
exclusively on mamane seed pods, prefers
mamane forest with taller trees and greater canopy
cover (Scott et al. 1984, Banko et al. 2009),
although palila may exist at low densities where
mamane trees are relatively short (2–5 m) or
scattered (5–20% canopy cover) (Scott et al. 1984).
Our results indicate that after 33–46 years of
protection from sheep grazing, mamane



REDDY et al: FERAL HERBIVORE MANAGEMENT ON MAUNA KEA, HAWAII 131

regeneration at some sites, especially those
protected the longest, may approach the point of
being able to support palila. However, these
protected sites span only a very small portion of
the mamane forest, much of which has been
exposed to recurrent sheep grazing for several
decades. Our results indicate that continued
sheep presence has negative effects on mamane
canopy density and perhaps tree density, effects
that likely diminish habitat quality for palila.
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