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Abstract: Although the destruction of tropical rain forests receives much attention, tropical dry forests are in
general far more threatened and endangered. Eliminating grazing ungulates is often considered a key first
step toward protecting these ecosystems, but few studies have investigated the long-term effects of this technique. We examined the effects of ungulate exclusion from a 2.3-ha native dry-forest preserve on the island of
Hawaii by comparing its present flora to the flora of an adjacent area subjected to continuous grazing since
the preserve was fenced over 40 years ago. Relative to this adjacent area, the fenced preserve contained a
more diverse flora with substantially greater coverage of native overstory and understory species. Until recently, however, regeneration of native canopy trees within the preserve appears to have been thwarted by a
dominant herbaceous cover of alien fountain grass ( Pennisetum setaceum) and predation by alien rodent
species. Our results indicate that although ungulate exclusion may be a necessary and critical first step, it is
not sufficient to adequately preserve and maintain Hawaii’s remaining tropical dry forest remnants. Our recent efforts to control the dominant alien species within the fenced preserve suggest that this practice may facilitate both the regeneration of native species and the colonization and potential invasion of new alien
plants. Comparisons of seedlings of the dominant native canopy tree Diospyros sandwicensis growing in sites
both dominated by and free of fountain grass suggested that fountain grass inhibits Diospyros seedling
growth and photosynthesis but may increase survival if seedlings are protected from ungulates.
Efectos a Largo Plazo de la Exclusión de Ungulados y el Reciente Control de Especies Exóticas en la Conservación
y Restauración de un Bosque Tropical Seco Hawaiano
Resumen: A pesar de que la destrucción de bosques tropicales húmedos recibe mucha atención, los bosques
tropicales secos se encuentran aún más amenazados y en peligro. La eliminación de ungulados ramoneadores es frecuentemente considerada un paso clave hacia la protección de estos ecosistemas, pero pocos estudios han investigado los efectos de esta técnica a largo plazo. Examinamos los efectos de la exclusión de ungulados de un refugio de 2.3 ha de bosque seco nativo en la isla de Hawai al comparar su flora actual con la
flora de un área adyacente sujeta a ramoneo continuo desde que el refugio fue cercado hace 40 años. En relación con esta zona adyacente, la zona protegida contiene una flora más diversa con una cobertura de especies de dosel y de sotobosque substancialmente mayor. Sin embargo, hasta hace poco, la regeneración de árboles nativos del dosel dentro del refugio parece haber sido obstruida por la cobertura de un pasto exótico
( Pennisetum setaceum) y por la depredación de especies exóticas de roedores. Nuestros resultados indican
que, a pesar de que la exclusión de los ungulados puede ser un primer paso crítico y necesario, no es suficiente para mantener y preservar adecuadamente los remanentes de bosque tropical seco del Hawai. Nues储Current address: Biological Science, California State University, Fullerton, CA 92834, U.S.A.
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tros esfuerzos recientes para controlar las especies exóticas dominantes dentro de la zona cercada sugieren
que esta práctica puede facilitar tanto la regeneración de especies nativas como la colonización e invasión
potencial de nuevas plantas exóticas. Las comparaciones de plántulas del árbol dominante de dosel Diospyros sandwicensis en zonas dominadas por el pasto exótico y en zonas carentes del mismo sugieren que el
pasto inhibe el crecimiento y la fotosíntesis de las plántulas de Diospyros, pero la supervivencia puede incrementar si las plántulas son protegidas de los ungulados.

Introduction
Although the destruction of the world’s tropical rain forests continues to receive more attention, tropical dryforest ecosystems are in general far more threatened and
endangered (Murphy & Lugo 1986; Janzen 1988; Lerdau
et al. 1991; Sussman & Rakotozafy 1994). Because tropical dry forests are often among the most diverse communities, the loss of dry-forest habitat also significantly contributes to the steady erosion of the earth’s biodiversity.
In the Hawaiian Islands, for example, lowland dry and
mesic forests once were considered to have more total
and native tree species than any other region in the state
(Rock 1913). Today, 42% of Hawaii’s rain forests are
gone, over 90% of the original dry forests have been destroyed (Bruegmann 1996), and over 25% of the officially listed endangered plant taxa in the Hawaiian flora
are from dry-forest or dry-scrub ecosystems (A. K. S. and
W. L. Wagner, unpublished data).
Hawaii’s remaining dry-forest ecosystems have been
severely fragmented and degraded by deforestation and
land development, fire, nonnative ungulate grazing, and
invasions by alien plant species (Cuddihy 1989; Cuddihy
& Stone 1990; Stone et al. 1992b; Stemmermann & Ihsle
1993; Bruegmann 1996; Blackmore & Vitousek 2000).
Even within the North Kona region of the island of Hawaii, which represents one of the largest areas of remaining dry-forest habitat within the Hawaiian Islands,
native vegetation is generally represented by small and
fragmented patches containing only a few individuals of
all but the most common species. Most of the understory in this region is dominated by fountain grass (Pennisetum setaceum), an alien perennial bunch grass first
seen in the Hawaiian Islands in 1914 ( Jacobi & Warshauer 1992). This highly invasive species appears to
out-compete and suppress native vegetation and to
greatly increase the risk of fire in areas that did not historically support frequent fires (Blackmore & Vitousek
2000). In addition, continued grazing by cattle and feral
goats often destroys native vegetation and increases vulnerability to alien species invasions, and introduced rodents may consume most if not all of the native seeds
and seedlings. These and other forces have apparently
resulted in the virtual absence of native canopy-tree regeneration within the remaining dry-forest fragments in
this and other areas of the Hawaiian Islands (Bruegmann
1996; R. J. C. et al., personal observations).
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In Hawaii, reducing or completely removing grazing
ungulates from native ecosystems is often considered a
key first step toward promoting the recovery of native
vegetation. The response of a particular area or ecosystem to a reduction in grazing pressure appears to depend on a number of interacting factors, including the
duration and intensity of ungulate disturbance and degradation, the aggressiveness of alien species present, the
availability of native plant propagules, and abiotic factors such as climate and degree of soil erosion (Loope &
Scowcroft 1985; Stone et al. 1992b). Due to the considerable time and money required to remove and exclude
ungulates from native ecosystems, a better understanding of the effect of release from grazing is critical to
many conservation efforts in the Hawaiian Islands and
elsewhere. Unfortunately, although there are descriptive
accounts of the vegetation of Hawaii’s dry forests (e.g.,
Rock 1913; Hatheway 1952; Carlquist 1970; Wirawan
1972; Gagné & Cuddihy 1990), few studies have quantified the effects of ungulate exclusion.
Our study compared vegetation in the Kaupulehu Dry
forest preserve in the North Kona district of the island of
Hawaii, a fenced area established over 40 years ago, to
an adjacent unfenced area. After initial censusing of this
exclosure in 1995 confirmed that virtually no regeneration of native canopy trees had occurred despite the
long-term absence of ungulate grazing, we initiated an
aggressive management program designed to control
the alien fountain grass and rodent populations within
the Kaupulehu preserve (hereafter “preserve”). To assess the potential effects of both long-term ungulate exclusion and the more recent alien species control program, we compared the flora inside the preserve with
the flora of the unprotected surrounding adjacent area
(hereafter “adjacent area”) before and after the control
of the fountain grass and rodent populations.

Methods
Study Site
The Kaupulehu preserve is a 2.3-ha fenced exclosure located approximately 17 km east of Kailua-Kona on the
west side of the island of Hawaii at about 600 m elevation. The preserve occurs on an a⬘a lava flow between
1500 and 3000 years old (Moore et al. 1987); rainfall is
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approximately 50 cm per year (Giambelluca et al. 1986).
In recognition of its rich diversity of native dry-forest
species, this area was fenced in 1956 to exclude cattle
and feral goats. Despite its small size, this preserve remains one of the best examples of a native, dry-forest
community left in Hawaii (K. Wood, personal communication). The surrounding adjacent area has been subjected to continuous grazing by cattle and feral goats
since the preserve was fenced. There are still a few scattered individuals of native canopy trees, but most of this
adjacent area is dominated by fountain grass and the invasive alien shrub Lantana camara.
By the time the preserve was fenced, fountain grass already covered most of the understory area (E. Pung, personal communication). Although a variety of alien and
native species was planted within the preserve by the
Territory of Hawaii during the 1950s, they were not regularly watered or weeded (E. Pung, personal communication), and only four native individuals appear to have
survived to the present. Although we list the surviving
native and alien planted species in the Appendix, we
have excluded them from all subsequent discussion and
analysis.
We performed a complete floristic survey of the preserve in 1995 and marked and measured the diameter at
breast height (dbh) of all woody stems within the exclosure that were ⱖ30 cm tall (with the exception of the
abundant shrub Nototrichium sandwicense). Because
this and previous surveys found virtually no recruitment
of native trees within the preserve, we began an aggressive management program to reduce the abundance of
the fountain grass and rodent populations within the
preserve. Reducing fountain grass coverage also greatly
reduces the risk of fire (Blackmore & Vitousek 2000)
and facilitates human movement over the rough and uneven a⬘a lava surface below. To accomplish these goals,
we weed-whacked the entire exclosure in the winter of
1995 and followed up with five complete applications of
the grass-specific herbicide Fusillade (no native grasses
have ever been found within the preserve) using backpack sprayers. By the winter of 1996, the cumulative effect of these techniques resulted in a 90% reduction in
the abundance of fountain grass within the preserve. Despite the success of these efforts, however, vigorous
fountain grass clumps remained in scattered patches
throughout the preserve; therefore, from 1997 to the
present, we have continued our efforts to control this
species via periodic spot spraying and manual removal
of living fountain grass clumps.
Preliminary rodent trapping (R. J. C. and E. Campbell,
unpublished data) showed that three alien rodent species (Rattus exulans, R. rattus, and Mus musculus) are
present within the study area. To control these species,
in the winter of 1996 we placed 25 bait stations containing the rodenticide diphacinone at 50-m intervals
throughout the preserve and continually replenished
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each station with new poison as needed until the
present. Although we have not quantified the extent to
which this technique has reduced the rodent populations inside the preserve or in the immediate surrounding area, indirect evidence suggests that rodent activity
within the exclosure has declined steadily since the bait
stations were established.
Data Collection
To quantify and compare the vegetation inside and outside the preserve before the herbicide applications had
significantly reduced the fountain grass coverage within
the exclosure, in April 1996 we established 53 5 ⫻ 5 m
plots within the preserve and 26 5 ⫻ 5 m plots in the adjacent area. We sampled fewer plots in the adjacent area
because this region is floristically much less variable and
less patchy than the preserve. In each of these plots, we
recorded the number of individuals and/or the percent
cover of seedlings (coteleydons present) and adults of
each plant species. We situated the 53 plots within the
preserve so that the entire exclosure was sampled at regular 20-m intervals. To sample the adjacent area, we
used two 200 ⫻ 20 m transects 50 m and 100 m south of
and parallel to the southern preserve fenceline. Within
these two transects (0.8 ha total area), we measured the
diameter at breast height of all woody species as described above and established 10 5 ⫻ 5 m plots at 20-m
intervals along each transect (20 total 5 ⫻ 5 m plots). An
additional 6 5 ⫻ 5 m plots were established analogously
west of the western preserve fenceline. Because the preserve is bordered by a paved highway on the north and a
barren a⬘a lava flow on the east, no plots were located in
these areas.
To investigate the effect of the fountain grass and rodent control efforts, we recensused the preserve and adjacent area in the spring of 1997 (following an exceptionally wet year) and 1998 (following an exceptionally
dry year). Within the preserve, each year we recensused
the original plots established in 1996, but because the
plots in the adjacent area were on private grazed land
that could not be permanently marked, each year we
censused 26 new plots using the same methods and approximately the same locations as those of the original
1996 census.
Diospyros Seedling Demography and Physiology
During the 1997 (wet year) census we found substantial
numbers of naturally emerging seedlings of the dominant native canopy tree Diospyros sandwicensis. To investigate how the presence of fountain grass might affect the subsequent performance of these Diospyros
seedlings, in July 1997 we established 25, 50 ⫻ 50 cm
seedling plots within both the preserve and the adjacent
area (50 total plots), with each containing at least eight
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Diospyros seedlings. Although the relatively abundant
and widespread distribution of Diospyros seedlings
within the preserve enabled us to haphazardly locate the
seedling plots throughout the fenced exclosure, because
of the scarcity of high-density Diospyros seedling patches
in the adjacent area, we located the 25 seedling plots beneath the canopies of three adjacent mature Diospyros
trees about 25 m south of the southern preserve fenceline. To separate the potential effects of fountain grass
competition from the effects of cattle and goat grazing
and trampling, we placed wire mesh ungulate-exclusion
cages around 10 of the 25 adjacent-area seedling plots.
We monitored the survival of all Diospyros seedlings
within these plots (we did not observe any new seedlings emerging after the initial census in July 1997) until
June 1998, at which time we counted the number of
true leaves and measured the stem height and maximum
plant width of all surviving Diospyros seedlings.
To evaluate the potential effects of fountain grass on
Diospyros seedling physiological performance, we also
compared several ecophysiological variables among Diospyros seedlings growing in the largely fountain grass–
free preserve and the fountain grass–dominated adjacent
area. To assess Diospyros carbon gain and water loss,
we measured photosynthetic rate and stomatal conductance using a LiCor 6200 portable gas analyzer (LiCor
Inc., Lincoln, Nebraska) under ambient light conditions
between 1100 and 1400 hours (alternating between the
preserve and adjacent area sites) on 3 November 1997.
From a subset of these seedlings, we measured plant total leaf area (based on fresh material using a Delta T Image Analysis System, Delta T Devices Ltd., Cambridge,
United Kingdom), the ratio of leaf dry mass to fresh leaf
area (i.e., leaf mass per area), leaf nitrogen concentration based on percent dry mass (Isaac & Johnson 1976),
and total daily carbon assimilation (based on the product
of photosynthetic rate, total leaf area, and the assumption of an 8-hour photosynthetic day). Because all these
parameters are positively associated with plant growth
potential (e.g., Larcher 1995), we predicted that the adjacent-area Diospyros seedlings would have lower values for all these variables because of competition from
fountain grass for water, light, and/or nutrients.
Data Analysis
Because the control treatments for the alien species
within the preserve—herbicide spraying and rodent poisoning—were necessarily separated in space from the
untreated adjacent area, this technically results in a splitplot design with no replication at the level of treatment
(i.e., there is only one preserve and one adjacent area).
Although the ideal solution to this problem would be to
have several pairs of fenced and unfenced dry-forest areas, the nearly complete destruction of Hawaii’s dry forests, combined with the absence of long-term ungulate
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Figure 1. Comparisons of the proportion of the 53, 5 ⫻
5 m plots on the island of Hawaii within the Kaupulehu preserve and 26, 5 ⫻ 5 m plots within the surrounding adjacent area containing seedlings of the
most abundant species. Species with bars containing
different letters have significantly different seedling
distributions (p ⬍ 0.05) based on chi-square tests: (a)
1996 census data; (b) 1997 census data; and (c) 1998
census data. Species abbreviations are listed in Tables
2 and 3, with the exception of San, which is Santalum
paniculatum.
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exclusion sites, does not allow for this possibility. Statistically, we therefore must consider our study a comparison of the floristic differences between two specific areas (inside vs. outside the preserve) rather than a more
general investigation of the effect of fencing and ungulate exclusion per se.
Because the seedlings of most species were extremely
patchy in space—none in most plots and tens or hundreds of seedlings in a few others—we generally could
not analyze these data using parametric statistics. Consequently, we present yearly seedling totals for all species
(Appendix) and show the proportion of plots inside and
outside the preserve containing seedlings of the most
common species (Fig. 1). To test whether seedlings of
individual species were more abundant within the preserve or adjacent area, we used 2 ⫻ 2 chi-square contingency tables that compared the number of plots in these
two areas with and without seedlings. To investigate associations between seedling distributions and the distributions of predictor variables (e.g., the percent cover of
fountain grass, Diospyros trees, or bare a⬘a lava), we also
used 2 ⫻ 2 chi-square tables that compared the number
of plots with and without seedlings of a given species
against the number of these plots containing at least 1%
cover (versus no cover) of the predictor variable (with
the exception of a⬘a lava coverage, whose minimal value
was 35%; both of these minimal coverage levels were determined a priori). Because we used only species that
were sufficiently abundant to meet the chi-square test
requirements of minimal expected cell values (Zar
1984), in several cases the generally sparse plant distributions within the adjacent area could not be analyzed
or statistically compared with the relatively abundant
plant distributions within the preserve.
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To meet the assumptions of other parametric statistical tests (correlation, analysis of variance, and t test), we
used the arcsine transformation for percent cover data
and the square-root transformation for counts of individuals as needed following Zar (1984). To compare the Diospyros survival curves in the 50 ⫻ 50 cm seedling
plots, we used the Kaplan-Meier product-limit method
to calculate and compare estimates of survival functions
for right-censored data (SAS Institute 1995). To analyze
the physiological data of Diospyros seedlings, we used
log transformations for seedling leaf mass per area and
daily carbon assimilation to meet the assumption of
equal variances. All statistical tests were performed with
JMP Statistical Software (SAS Institute 1995).

Results
Before Fountain Grass and Rodent Control
Prior to the drastic reduction in the abundance of fountain grass and the initiation of rodent poisoning, the
flora of the preserve contained 42 families, 60 genera,
and 63 species of plants; 17 (27%) of these species were
endemic to the Hawaiian Islands, 19 (30%) were indigenous, and 27 (43%) were naturalized aliens (Appendix).
Although over 70% of the herbaceous species of flowering plants (20/28) were aliens, most of the Pteridophyta
(8/9) and woody species (20/26 of the trees and shrubs)
were native, and 71% of the canopy tree species were
endemic. Although we found several alien herbaceous
species outside the preserve that were not present inside the exclosure, all native species in the adjacent area
were also found within the preserve.

Table 1. Comparisons of the number of mature individuals per hectare and percent cover of the dominant canopy, shrub, and herbaceous
species within the fenced Kaupulehu Preserve and surrounding adjacent area on the island of Hawaii.
Percent cover b (SE)
Adults per haa
Canopy trees
Diospyros sandwicensis
Santalum paniculatum
Shrubs and small trees
Nototrichium sandwicensed
Lantana camarad
Sophora chrysophylla
Sida fallax d
Osteomeles anthyllidifolia
Psydrax odorata
Herbaceous species
Pennisetum setaceum

preserve

adjacent

preserve
(n ⫽ 53)

adjacent
(n ⫽ 26)

pc

222.9
32.6

58.6
0.0

25.1 (3.5)
6.0 (2.3)

10.2 (5.0)
0.0

0.003
—

573.6
543.2
103.1
22.8
12.8
8.8

0.0
1154.0
5.0
0.0
0.0
0.0

4.1 (0.8)
5.8 (1.8)
2.0 (0.7)
0.4 (0.2)
1.8 (1.1)
0.3 (0.2)

0.2 (1.2)
6.4 (2.6)
0.0
0.0
0.0
0.0

0.001
0.573
—
—
—
—

64.5 (4.2)

62.9 (6.0)

0.92

—

—

a

Numbers are from complete counts in 1995 of all individuals within the preserve and a 0.8-ha section in the adjacent area.
Means (SE) of 5 ⫻ 5 m plots.
Probability values from Wilcoxon tests comparing percent cover for those species within individuals in both areas.
d
Numbers of adults extrapolated from 1996, 5 ⫻ 5 m plot data.
b
c
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Table 2. Correlations among the most abundant species within the 53, 5 ⫻ 5 m plots censused in 1996 within the Kaupulehu Preserve on the
island of Hawaii.
Cover of mature individuals per plot (%)b
Codea
AA
Dio
Lan
Not
Pen
Lan (seedling)

Number of seedlings per plot b

Dio

Lan

Not

Pen

⫺0.05

0.24
⫺0.05

0.26⫹
0.14
⫺0.08

⫺0.84***c
0.00
⫺0.19
⫺0.19

Lan
⫺0.04
⫺0.04
0.49***
⫺0.07
0.05

Not
0.27⫹
0.28*
0.07
0.65***
⫺0.26⫹
0.04

AA, bare a⬘a⬘ lava; Dio, Diospyros; Lan, Lantana; Not, Nototrichium; Pen, Pennisetum. See Appendix for species names.
⫹p ⬍ 0.06; *p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍ 0.001.
Because bare a⬘a lava outcrops were virtually the only areas of the preserve not covered by fountain grass, this correlation was expected.

a
b
c

The dominant native woody species occurred at significantly greater densities within the preserve than in
the adjacent area (Table 1). Although Diospyros was by
far the most abundant canopy tree inside and outside
the exclosure, it covered more than twice as much area
on average within the preserve. All other native trees
and shrubs were also much less abundant outside the
preserve or were completely absent. In contrast, there
were no statistical differences in the percent cover of
the only dominant alien species, fountain grass (Pennisetum setaceum), and that of the invasive shrub Lantana camara (Table 1).
Examination of the size distribution of the trees within
the preserve and adjacent area indicated that there had
been little recruitment in the recent past in either area.
Mature individuals made up over 95% of the marked
woody stems inside the preserve (n ⫽ 920) and 100% of
the woody stems in the adjacent area (n ⫽ 68). Because
of a few smaller Diospyros trees within the exclosure,
however, the mean basal area of this species was significantly greater outside the preserve (mean ⫾ SE: 360.9 ⫾
32.7 cm2, n ⫽ 47, and 245.4 ⫾ 7.2 cm2, n ⫽ 506, for the
adjacent area and preserve, respectively, p ⬍ 0.0001, t
test).
During the 1996 census we found few seedlings of native canopy tree species inside or outside the preserve
(Fig. 1a; Appendix). Within the exclosure, there were
only 10 tree seedlings within the 53 plots: eight native
Santalum seedlings and one each from the aliens Schinus and Grevillea. Within the 26 plots in the adjacent
area, we found only two Grevillea seedlings. In contrast,
the native small trees and shrubs showed substantially
more regeneration, particularly within the preserve (Fig.
1a; Appendix). Seedlings of the two most abundant
shrubs within the preserve, Nototrichium and the alien
Lantana, were also significantly correlated with the percent cover of mature individuals of the same respective
species (Table 2). Nototrichium seedlings were also correlated with the percent cover of Diospyros trees, and
there was a marginally significant negative correlation
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with the percent cover of fountain grass. Aside from
Peperomia leptostachya, which averaged over 8.5 seedlings per plot within the preserve but was completely
absent in any form in the adjacent area, there were few
seedlings of native or alien herbaceous species inside or
outside the preserve in 1996 (Appendix).
After Fountain Grass and Rodent Control
Our 1997 recensus showed several important floristic
changes from the previous year. The most dramatic difference was the high abundance of Diospyros seedlings
both inside the preserve and in a few high-density
patches in the surrounding adjacent area (Fig. 1b; Appendix). In addition, there was a much greater diversity
and abundance of herbaceous seedlings inside the exclosure than in the previous year (Appendix), perhaps due
in part to the unusually wet spring and the success of
the fountain grass control efforts (fountain grass cover
within the preserve at this time was 4.1%, compared to
65.4% in 1996). A native sedge (Cyperus hillebrandii)
and two species of native vines (Canavalia hawaiiensis
and Cocculus orbicularis) that were present in only
trace amounts also had spread across portions of the
preserve dominated previously by fountain grass: mean
percent cover in the preserve went from 0.0% for both
vines in 1996 to 0.34 and 0.89% for Canavalia and Cocculus, respectively, but remained 0.0% for both vines in
the adjacent area. We also found 17 herbaceous species
new to the preserve, 16 of which were naturalized
aliens (Appendix). Seedlings of fountain grass, which
had been absent from all plots in 1996, were now abundant and widely distributed within the preserve and adjacent area (Fig. 1b). Regeneration of most other herbaceous species in the adjacent area tended to be even less
than the modest amounts detected in 1996. With the exception of Senna gaudichaudii within the preserve and
Lipochaeta subcordata within the adjacent area, there
were also fewer total seedlings of all other species of
small trees and shrubs in 1997 than in 1996.
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cover increased to 1.42% and 3.20% for Canavalia and
Cocculus, respectively, but remained 0.0% for both
vines in the adjacent area.
Plant Diversity and Regeneration Patterns

Figure 2. Number of native and alien species per 5 ⫻
5 m plot on the island of Hawaii within the Kaupulehu preserve and surrounding adjacent area, 1996–
1998. Data are means plus SE.

Following an extremely dry winter and spring, our
1998 recensus in general revealed markedly less plant
regeneration in both the preserve and adjacent area than
in the previous year (Appendix). We observed few if any
new Diospyros seedlings, and the total number of Diospyros seedlings within the 5 ⫻ 5 m plots was ⬍25%
and 9% of the total number found in the respective 1997
preserve and adjacent-area plots (all but one of the surviving adjacent-area seedlings were found within a single plot that apparently had been overlooked by the resident goat and cattle populations). Most native plant
regeneration occurred within the preserve, although we
did not find any new herbaceous species within either
the preserve or the adjacent area (Fig. 1c; Appendix).
Despite the drought conditions, the two native vines
continued to spread across the preserve: mean percent

Across the three census years, there were significantly
more native and alien plant species per plot within the
preserve than in the adjacent area (Fig. 2; two-way analysis of variance with census year and area as fixed main
effects, p ⬍ 0.001 and 0.027 for native and alien species,
respectively). Although the number of native species
per plot was not significantly affected by the sampling
year or by the interaction between year and area ( p ⬎
0.47 in each case), these effects were significant for the
number of alien species per plot, primarily because of
the 1997 increase in alien species within the preserve
and decrease within the adjacent area ( p ⫽ 0.003 and
0.001 for year and year-by-area interaction).
Within the preserve, there were significant positive associations between the presence of Diospyros, Lantana, Nototrichium, and Sophora seedlings and the
presence of mature individuals of the same respective
species (Table 3). There was also a significant positive
association between the presence of Lantana seedlings
and mature Sophora individuals and a significant negative association between Sophora seedlings and the
presence of mature Diospyros individuals. Among the
herbaceous species with relatively abundant seedlings,
the only significant association detected was a positive
relationship between the presence of Peperomia seedlings and mature Nototrichium shrubs.
Diospyros Seedling Survival, Growth, and Physiology
Diospyros seedling survival was highest within the
caged adjacent-area plots, intermediate in the preserve
plots, and lowest in the unprotected adjacent-area plots
(Fig. 3; Kaplan-Meier product-limit chi-square ⫽ 106.3,

Table 3. Chi-square values for associations between the number of plots with and without seedlings (presence/absence) and mature dominant
plant species (⬍1% cover vs. ⱖ1% cover) or bare a⬘a lava (⬍35% cover vs. ⱖ35% cover) in the 5 ⫻ 5 m plots within the Kaupulehu Preserve
on the island of Hawaii, 1996–1998
Tree and shrub seedlings (year)b
Codea
AA
Dio
Lan
Not
Pen
Sop

Herbaceous seedlings (year)

Dio (97–98)

Lan (96, 97)

Not (96–97)

Sid (97)

Sop (97–98)

Asc (97)

Pep (97)

Pen (97)

Son (97)

7.19**
15.51***
0.05
1.88
0.06
0.00

0.06
0.16
5.67*, 0.00
0.47
1.78
5.14*, 1.96

0.06
2.15
0.01
19.51***
0.10
0.26

0.79
5.02*
0.07
0.82
0.14
0.05

0.00
13.14***c
2.85
0.47
2.29
31.87***

0.71
0.03
0.00
0.00
0.01
0.95

0.16
0.15
0.82
3.96*
0.65
0.01

0.94
0.0
2.05
0.80
3.31
0.00

0.44
0.68
0.00
0.00
0.36
0.00

a

Codes and statistical conventions follow Table 2. Additional abbreviations: Asc, Asclepias; Pep, Peperomia; Sid, Sida; Sop, Sophora; Son, Sonchus.
Species with sufficient seedlings in more than 1 year were analyzed separately and then tested to see if they could be pooled with heterogeneity
chi-square tests following Zar (1984). In cases where data could not be pooled, values for individual years are shown separately.
c
Significant negative association.
b
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Figure 3. Survival curves for Diospyros seedlings on
the island of Hawaii within the Kaupulehu Preserve
and surrounding adjacent area. The “caged” adjacentarea seedlings were protected from ungulates by a
wire mesh exclosure.
df ⫽ 2, p ⬍ 0.0001). Preserve seedlings were larger than
adjacent-area seedlings, although there were no significant size differences between the adjacent-area caged
and unprotected seedlings (mean ⫾ SE for preserve and
pooled adjacent-area caged and unprotected Diospyros
seedlings, respectively: stem height, 6.11 ⫾ 0.33 and
4.41 ⫾ 0.26 cm; maximum plant width, 5.26 ⫾ 0.25 and
4.01 ⫾ 0.24 cm; p ⬍ 0.05 in each case, Tukey comparisons). Preserve seedlings also had significantly more true
leaves per plant than the adjacent-area seedlings (mean ⫾
SE for preserve and pooled adjacent-area seedlings, respectively: 1.72 ⫾ 0.42 and 0.27 ⫾ 0.16, p ⬍ 0.05,
Tukey comparison). Only 42% of the preserve seedlings
had no true leaves, but 21% had more than three leaves
(maximum seven leaves). In contrast, 85% of the adjacent-area Diospyros seedlings had no leaves, and no
seedlings had more than three leaves (chi-square test for
leaf distribution ⫽ 50.72, df ⫽ 3, p ⬍ 0.001, n ⫽ 92 preserve seedlings and 113 adjacent-area seedlings).

Preserve Diospyros seedlings had significantly greater
photosynthetic rates but equivalent stomatal conductances than adjacent-area Diospyros seedlings. Preserve
seedlings also had significantly greater photosynthetic
and stomatal conductance (i.e., intrinsic water-use efficiency) ratios (Table 4; Fig. 4). Nitrogen concentrations
based on leaf area were marginally greater ( p ⫽ 0.07) in
the adjacent-area seedlings, whereas the estimated
whole-plant daily carbon gain of preserve seedlings was
more than twice that calculated for the adjacent-area
seedlings (Table 4). This result may partially reflect the
differing light regimes in these two areas: whereas the
dense fountain-grass cover of the adjacent area created a
uniformly low-light environment (113 ⫾ 59 mol/m⫺2/
second; mean ⫾ SE), the more open preserve understory provided greater average light levels (249 ⫾ 65
mol/m⫺2/second) and periodic exposure to direct light
flecks.

Discussion
Before Fountain Grass and Rodent Control
Prior to our recent efforts to reduce the alien fountain
grass and rodent populations within the fenced Kaupulehu preserve, it was clear from the 1996 census that
the preserve and unfenced adjacent area contained both
different floras and different abundances of individual
plant species. Compared to the adjacent area, the preserve had a relatively diverse flora with substantial overstory and understory coverage of mostly native trees and
shrubs. Although most of the native shrub and herbaceous plant regeneration occurred within the preserve,
the understory of both areas was similarly dominated by
a thick covering of fountain grass, and there were virtually no native canopy-tree seedlings or saplings in either
area.
Our data indicate that, despite over 40 years of protection from ungulate grazing, there has been virtually no
successful regeneration and recruitment of canopy trees

Table 4. Ecophysiological comparisons of Diospyros seedlings within the Kaupulehu Preserve and surrounding adjacent area on the island
of Hawaii.
Variable
Photosynthesis (mol/m2/second)
Stomatal conductance (mol/m2/second)
Photosynthesis and conductance
Number of leaves (including cotyledons)
Leaf mass per area (g/m2)
Nitrogen concentration by weight (%)
Nitrogen concentration by area (g/m2)
Whole-plant nitrogen content (mg)
Whole-plant daily carbon assimilation (mol/day)
a
b

Preserve mean ⫾ SE a (n)

Adjacent mean ⫾ SE a (n)

df

pb

1.05 ⫾ 0.10 (15)
0.053 ⫾ 0.004 (15)
20.04 ⫾ 1.41 (15)
3.8 ⫾ 0.3 (15)
111.2 ⫾ 1.0 (10)
3.19 ⫾ 0.23 (9)
3.49 ⫾ 0.28 (9)
3.01 ⫾ 0.27 (9)
21.56 ⫾ 1.13 (15)

0.72 ⫾ 0.08 (18)
0.060 ⫾ 0.005 (18)
11.62 ⫾ 0.71 (18)
2.6 ⫾ 0.2 (18)
85.4 ⫾ 1.0 (14)
5.38 ⫾ 0.55 (14)
4.54 ⫾ 0.40 (14)
2.75 ⫾ 0.26 (14)
10.37 ⫾ 1.13 (18)

31
31
1
1
22
21
21
21
31

0.015
0.309
⬍0.001
0.002
⬍0.001
0.006
0.073
0.507
⬍0.001

Back-transformed means and SE are shown for transformed variables.
Probability values from t tests, except for Mann–Whitney U tests used for number of leaves and photosynthesis and conductance ratio.
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Figure 4. Relationship between stomatal conductance
and photosynthesis rate of Diospyros seedlings on the
island of Hawaii within the Kaupulehu Preserve and
surrounding adjacent area in November 1997.
within the preserve. At present, almost all of the Diospyros trees inside and outside the preserve are mature individuals, although the significantly greater basal area of
the stems of this species in the adjacent area suggests
that recruitment of these trees may have continued
within the preserve for some time after it ceased outside
the exclosure. Comparisons of the present preserve
flora with past surveys of this exclosure also indicate
that the dearth of successful regeneration of canopy species has already caused substantial changes in the abundance of the dominant species within the preserve. For
example, although a 1973 survey of the preserve (D.
Herbst, unpublished data) listed the native canopy trees
Xylosma hawaiiense and Myrsine lanaiensis as common, today only a few individuals of each of these species remain within the preserve.
The dense cover of fountain grass almost certainly has
suppressed the germination and establishment of both
native and alien species inside and outside the fenced
preserve, as it is suspected to have done in other areas
throughout the Hawaiian Islands ( Jacobi & Scott 1985;
Cuddihy & Stone 1990; Tunison 1992). Our observations
of widespread pre- and post-dispersal fruit and seed predation suggest that rodents also seriously inhibited plant
regeneration by consuming most or all of the seed crops
of many species, and we suspect that they may also have
eaten some seedlings and tender young plant shoots. Rodents did not appear, however, to forage for the hard
seeds of the native small tree Sophora chrysophylla, because we frequently observed them scattered on the soil
beneath fruiting trees. This may explain why this species is still common within the preserve and has continued to regenerate successfully in some areas where
fountain-grass coverage is relatively sparse. In sharp contrast, outside the exclosure ungulate grazing appears to
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have completely suppressed all Sophora regeneration
and reduced the mature population to a mere handful of
scattered individuals. Several other studies in Hawaii
(e.g., Loope & Scowcroft 1985; Cuddihy & Stone 1990;
Scowcroft & Conrad 1992; Stone et al. 1992a) also have
found that this highly palatable species is readily consumed by ungulate grazers but is capable of dramatic recovery following release from grazing pressures.
In a recent floristic survey of a 29-ha unprotected dryforest remnant located directly across the highway that
borders the preserve (R. J. C. et al., unpublished data),
we also found that Sophora and most of the other native
understory species present in the preserve were virtually or completely absent. Because both this 29-ha parcel
and the adjacent area immediately surrounding the preserve contain stands of native canopy trees that are similar in size and species composition to that found in the
exclosure, we believe that the relatively high abundance
of native understory species presently found within the
preserve is directly attributable to this area’s long-term
protection from ungulates.
Unfortunately, aside from the individual responses of
some relatively well-studied species such Sophora, it is
virtually impossible to distinguish among several potential causes of the present broad differences between the
floras of the preserve and the adjacent area. Although
the long-term exclusion of ungulates probably has
played a significant role, no quantitative studies of these
areas were performed prior to fencing, nor were these
treatments (ungulate exclusion vs. continual grazing)
replicated. Thus, it is also possible that important initial
biotic and abiotic differences between these two areas
were present before the preserve was fenced.
Although we know that the Kaupulehu preserve was
set aside because of its rich diversity of native dry-forest
trees, we do not know how much native forest surrounded this area when it was fenced in the mid 1950s,
and it is not clear what controlled the original boundaries and species composition of Hawaii’s dry-forest ecosystems before human contact (Cuddihy & Stone 1990).
Blackmore and Vitousek (2000), however, showed that
between 1954 and 1994, the aerial extent of dry to
mesic forest at nearby Puu WaaWaa Ranch (located approximately 20 km east of the Kaupulehu preserve) declined by 49%, whereas grassland area increased by
237%. The 1954 and 1965 U. S. Geological Survey aerial
photos of Kaupulehu also suggest that there may have
been more canopy coverage in the adjacent area at these
time periods than at present, although the resolution of
these photos is poor. A more recent U.S. Geological Survey map classifies the underlying soils of both the preserve and surrounding areas as containing spatter deposits with a⬘a and pahoehoe flows 1500–3000 years old,
but the authors (Moore & Claque 1991) note that weathering of these soils may be strongly affected by the local
climate and vegetation. Today the region immediately
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upslope (south) of the preserve is apparently wetter and
smoother, and cattle and goats prefer to graze in these
areas and spend less time in the relatively unproductive
and rougher terrain immediately surrounding the preserve (F. Boteilho, manager of the adjacent Hualalai
Ranch, personal communication). If these differential
grazing patterns have existed since these ungulates first
became established on the island of Hawaii (over 150
years ago for cattle and about 200 years ago for feral
goats; Cuddihy & Stone 1990), the general conversion
from native dry forest to degraded alien pasture outside
of the present exclosure likely occurred long before the
preserve was fenced.
After Fountain Grass and Rodent Control
From a conservation perspective, the most encouraging
change between the 1996 and 1997 census periods was
the appearance of high-density patches of Diospyros
seedlings both inside and outside the preserve. Because
we did not find any viable Diospyros seeds in the preserve soil seed bank (R. J. C., unpublished data), we suspect that most if not all of the seedlings emerging in
1997 originated from seeds produced in the previous
year, when Diospyros fruits within the preserve were
exceptionally abundant. Our observations of relatively
abundant and intact fruits and seeds of other canopytree species within the preserve between late 1996 and
the spring of 1997 may indicate that the ongoing rodent
poisoning had effectively reduced the resident rodent
population within the preserve and perhaps in the immediate vicinity outside the exclosure.
Another important floristic change that occurred
within the preserve in 1997 was the striking increase in
the diversity and abundance of herbaceous seedlings.
One reason for this result was the unusually wet spring
of 1997. The total precipitation from January to April
1997 recorded at an unofficial weather station 3.2 km
south of the preserve was 50.2 cm, almost twice the average total precipitation for these months between 1894
and 1997 as recorded at the nearest official weather station, Puu WaaWaa Ranch (mean ⫾ SE ⫽ 27.5 ⫾ 1.4 cm).
Monthly precipitation data from this station was significantly correlated with the monthly data at the unofficial
station, which began recording in 1990 (r ⫽ 0.76, p ⬍
0.0001). In contrast, the total precipitation recorded at
the unofficial weather station between January and April
1998 was only 13.4 cm, and the following 1998 spring
census data showed a marked decrease in the diversity
and abundance of herbaceous seedlings.
In conjunction with the wet weather, it also seems
likely that our recent fountain grass and rodent control
efforts were at least partially responsible for the increased seedling abundance and diversity observed
within the preserve in 1997, because at this time there
were actually fewer species and individual seedlings
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(with the exception of abundant fountain grass seedlings) in the untreated adjacent area. Thus it appears that
in the absence of our fountain grass and rodent control
measures, most native and alien plant species were unable to exploit the unusually wet weather that preceded
the 1997 census. Nonetheless, the existence of a few
scattered high-density patches of Diospyros seedlings
growing in the thick layer of fountain grass outside the
preserve in 1997 clearly showed that rodent poisoning
and fountain grass removal were not necessarily prerequisites for the successful fruit maturation and seed germination of this key native species.
We detected several important differences in the survival, growth, and physiology of the Diospyros seedlings
that emerged within the dense fountain grass of the adjacent area and the largely fountain grass–free preserve.
The relatively low survival of the unprotected adjacentarea seedlings clearly showed that few of these seedlings
can survive without protection from ungulates. On the
other hand, the 1- year survival rate of protected Diospyros seedlings in the adjacent area was nearly twice that
of the preserve seedlings, but seedlings from the adjacent area were substantially smaller and contained fewer
true leaves. These size differences may be partially attributable to underlying physiological differences resulting from environmental differences between these areas.
Although photosynthetic rates and stomatal conductance
values were low in both areas (but not atypical of evergreen Hawaiian trees [e.g., Kitayama et al. 1997], especially during the drought conditions of this study), the
higher photosynthesis and conductance ratios observed
among the preserve seedlings indicated a greater capacity for carbon assimilation for the observed stomatal conductances. Indeed, we found that the instantaneous
photosynthetic rates and estimated daily carbon gain of
preserve Diospyros seedlings were significantly greater
than those of adjacent-area seedlings. Although greater
photosynthesis and conductance ratios are typically associated with greater nitrogen concentrations on the basis of leaf area when light is not limiting (Larcher 1995),
we found that leaf-area nitrogen concentrations were
marginally greater in the adjacent area. Because leaf acclimation to low light often results in relatively high nitrogen concentrations and low photosynthetic rates
(Larcher 1995), the low average light levels in the adjacent area relative to those observed in the preserve may
explain the high nitrogen concentrations of adjacentarea seedlings.
Although we observed thousands of Diospyros seedlings within the preserve and adjacent area during the
1997 census, few if any of these were beyond the overhanging canopy of the presumed maternal parent. Our
data and observations within the study area indicated
that the majority of seedlings from the other woody species also tended to germinate and establish next to or directly beneath the canopies of their own respective spe-
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cies. These regeneration patterns could reflect favorable
subcanopy microenvironments and limited seed-dispersal
systems. Although we did not directly test either of
these hypotheses, the lack of significant associations between the distribution of seedlings of one woody species and the distribution of mature individuals of the
other woody species indirectly suggest that restricted
seed dispersal may be a general pattern within this dryforest ecosystem. Unfortunately, we may never know if
and to what extent some of the once numerous but now
rare or extinct species of Hawaiian birds in this general
area (Giffin 1993) were important seed-dispersal agents
in the past.
Implications and Conclusions
The diverse and generally inconsistent results of the numerous studies of ungulate exclosure in Hawaii illustrate
the complexity of predicting and interpreting responses
from any individual exclosure study. For example, in a
review of the response of Hawaiian ecosystems to removal of feral pigs and goats, Stone et al. (1992a) conclude that “the variables are too numerous and too uncontrollable to allow definitive cause and effect statements
about responses of vegetation due entirely to feral ungulate removal.” These difficulties are not unique to Hawaii; the general effects of ungulate grazing on ecosystems throughout the world continue to be a source of
passionate debate (e.g., Brussard et al. 1994; Fleischner
1994; Noss 1994; Brown & McDonald 1995).
Nonetheless, one important general pattern that has
emerged from Hawaiian ungulate-exclosure studies is
that the extent to which native plant communities recover following exclusion is often inversely related to
the amount of degradation already experienced by the
area prior to fencing. At one extreme, areas that have
historically been relatively inaccessible to ungulates—
due, for example, to extreme remoteness, rugged topography, or surrounding sharp lava—have tended to effectively resist invasions of alien plant species or have
shown dramatic recovery following ungulate removal
(Loope & Scowcroft 1985). On the other hand, many
Hawaiian ecosystems that have already been highly degraded frequently show little or no recovery following
ungulate removal (Loope & Scowcroft 1985; Stone et al.
1992a). A comparison of Pacific Islands with and without introduced ungulates (Merlin & Juvik 1992) further
suggests that many island species can resist alien plant
invasions in the absence of ungulates. Thus, these authors speculate that the general vulnerability of island
floras may be more the result of susceptibility to grazing
than to inherently poor competitive abilities. The effects
of over a century of heavy grazing pressure combined
with human activities associated with ranching (e.g.,
logging, clearing of “undesirable” native shrubs, introduction of alien forage plants) clearly have resulted in
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the widescale conversion of Hawaii’s native dry forest to
open pasture with little or no canopy-tree coverage
(Cuddihy & Stone 1990). Although few ungulate-exclosure studies have been conducted within the remaining
remnants of Hawaii’s original dry-forest ecosystems, the
current highly degraded state of these communities suggests that there is little hope that they can eventually recover without intensive management and reintroduction
of native species.
From a restoration perspective, our efforts to control
the dominant key alien species within the Kaupulehu
Dry Forest preserve led to both positive and negative results. On the positive side, these efforts appeared to facilitate the regeneration of several key native species, an
outcome that is critical to the long-term survival of Hawaii’s senescent dry-forest remnants. Our efforts, however, also appeared to facilitate the colonization and
spread of many new and potentially problematic alien
plant species. These results in turn have raised several
new scientific questions and more practical management concerns. For example, would simply continuing
to control the fountain grass and rodent populations be
sufficient for the long-term preservation and restoration
of this native dry forest? Will the removal of fountain
grass and the establishment of new dominant species
substantially alter the abiotic properties and development of this ecosystem (sensu Vitousek et al. 1987; Vitousek & Walker 1989)? Could managed (e.g., thinned,
watered, and fertilized) fountain grass stands be used to
facilitate native plant restoration efforts? Is the goal of
achieving a “self-sustaining” native dry forest independent of perpetual human intervention realistic or even
important? (For a broad discussion of this and related issues, see Baldwin et al. 1994).
Addressing these types of questions simultaneously requires making some difficult management decisions. As
scientists, we would obviously like to observe and quantify any new invasions of alient plants into the exclosure
and to examine how these colonizing species might affect the distribution and regeneration potential of the
native preserve flora. Acquiring these data might also
yield valuable insights into and guidelines for the control
of other alien species control and the restoration of native plants within and outside of Hawaii. It would be difficult ethically, however, for conservationists to stand
aside passively and watch one of the last and best tropical dry-forest remnants in Hawaii become inundated
with new and potentially destructive alien weeds, particularly after substantial time, labor, and money has already gone into control of the existing alien species.
This path would also be difficult to justify to the numerous local groups and individuals who have generously
donated considerable time and expertise toward restoring this preserve.
Hawaii’s unique location and biogeographic history
may be largely responsible for the high proportion of
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alien species that have become established in these islands. Nevertheless, the ever-increasing global spread of
exotic species (e.g., Drake et al. 1989; Devine 1998) suggests that some mainland ecosystems may eventually experience similar magnitudes of alien species invasions.
In Hawaii it has become increasingly clear that without
active management, remnant stands of native vegetation
will suffer further deterioration, ranging from gradual
loss of native species to complete ecosystem destruction. Although the costs of aggressive intervention may
be high initially, over time these costs often decrease
dramatically as major threats are controlled or at least
mitigated. Once preserved, these remnant communities
may then be utilized for biological and cultural education, as habitat for rare species reintroductions, and as a
model and propagule source for future, larger-scale ecosystem restoration.
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Appendix 1
Complete list of the flora of the Kaupulehu Preserve on the island of Hawaii, and total number of seedlings of each species within this preserve
and the surrounding adjacent area.
Total number of seedlings

Family
Canopy trees
Agavaceae
Anacardiaceae
Bignoniaceae
Cupressaceae
Ebenaceae
Fabaceae
Flacourtiaceae
Malvaceae
Myrsinaceae
Myrtaceae
Pinaceae
Proteaceae
Rhamnaceae
Rubiaceae
Santalaceae
Sapindaceae
Sapotaceae
Solanaceae
Shrubs and small trees
Asteraceae
Amaranthaceae
Cactaceae
Chenopodiaceae
Fabaceae
Fabaceae
Fabaceae
Malvaceae
Plumbaginaceae
Rosaceae
Sapindaceae
Verbenaceae
Herbs, vines, and parasites
Amaranthaceae
Apiaceae
Apiaceae
Asclepiadaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Buddlejaceae
Chenopodiaceae
Commelinaeae
Convolvulaceae
Crassulaceae
Cucurbitaceae
Cyperaceae
Euphorbiaceae

Scientific name a

Distributionb

Abundance c

Pleomele hawaiiensis
Schinus terebinthifolius
Jacaranda mimosifolia
Callitris endlicheri*
Diospyros sandwicensis
Erythrina sandwicensis*
Xylosma hawaiiense
Kokia drynarioides
Myrsine lanaiensis
Metrosideros polymorpha
Pinus canariensis*
Grevillea robusta
Colubrina oppositifolia
Psydrax odorata
Santalum paniculatum
Sapindus saponaria*
Pouteria sandwicensis
Nothocestrum breviflorum

e
a
a
a
e
e
e
e
e
e
a
a
e
i
e
i
e
e

Lipochaeta subcordata
Nototrichium sandwicense
Opuntia ficus-indica
Chenopodium oahuense
Leucaena leucocephala
Senna gaudichaudii
Sophora chrysophylla
Sida fallax
Plumbago zeylanica
Osteomeles anthyllidifolia
Dodonaea viscosa
Lantana camara
Amaranthus viridis⫹
Ciclospermum leptophyllum⫹
Petroselinum cripum
Asclepias physocarpa
Ageratina riparia
Bidens pilosa
Cirsium vulgare⫹
Conyza bonariensis⫹
Conyza canadensis⫹
Crassocephalum crepidioides
Emelia fosbergii
Gamochaeta purpurea⫹
Hypochoeris radicata⫹
Pluchea carolinensis
Pseudognaphalium
sandwicensium⫹
Senecio mikanioides
Sonchus oleraceus
Buddleia asiatica⫹
Chenopodium carinatum
Commelina diffusa
Ipomoea indica
Kalanchoe pinnata
Sicyos lasiocephalus
Cyperus hillebrandii
Euphorbia peplus

preserve

adjacent area

(n ⫽ 53, 5 ⫻ 5 m
plots)

(n ⫽ 26, 5 ⫻ 5 m
plots)

1996

1997

1998

1996

1997

1998

u
r
r
r
c
r
r
r
r
r
r
r
o
u
c
r
r
r

0
1
0
0
0
0
0
0
0
0
0
1
0
0
8
0
0
0

0
5
0
0
838
0
0
0
0
0
0
0
0
4
21
0
0
0

0
1
0
0
204
0
0
0
0
0
0
0
0
2
6
0
0
0

0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0

0
0
0
0
379
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
33
0
0
0
0
0
0
0
0
0
0
0
0
0

e
e
a
e
a
i
e
i
i
i
i
a

c
c
u
o
o
u
c
o
u
c
u
c

26
748
5
0
5
10
118
102
0
0
0
133

11
86
0
0
3
26
83
26
0
1
0
33

5
20
0
0
6
5
50
4
0
1
0
19

0
55
0
0
0
0
0
23
0
0
0
95

2
0
0
0
0
0
0
0
0
0
0
28

0
0
0
0
0
2
0
0
0
0
0
9

a
a
a
a
a
a
a
a
a
a
a
a
a
a
e

u
n
r
o
r
u
o
o
r
o
o
r
r
r
r

0
0
0
0
0
0
0
0
0
1
0
0
0
0
0

0
0
0
15
2
0
0
0
0
0
1
0
0
0
0

0
0
0
11
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
1
5
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

a
a
a
a
a
i
a
e
i
a

r
r
r
r
u
c
r
c
c
c

0
1
0
3
0
0
0
0
0
28

0
39
0
0
0
0
0
0
43
76

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

continued
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Appendix 1 (continued)
Total number of seedlings

Family

Scientific name a

Euphorbiaceae
Fabacceae
Fabacceae
Gentianaceae
Lamiaceae
Lamiaceae
Malvaceae
Menispermaceae
Oxalidaceae
Papaveraceae
Passifloraceae
Piperaceae
Poaceae
Poaceae
Poaceae
Primulaceae
Scrophulariaceae
Solanaceae
Solanaceae
Verbenaceae
Viscaceae
Pteridophyta
Aspleniaceae
Aspleniaceae
Aspleniaceae
Dryopteridaceae
Polypodiaceae
Polypodiaceae
Psilotaceae
Pteridaceae
Pteridaceae

preserve

adjacent area

(n ⫽ 53, 5 ⫻ 5 m
plots)

(n ⫽ 26, 5 ⫻ 5 m
plots)

Distributionb

Abundance c

1996

1997

1998

1996

1997

1998

Ricinus communis⫹
Canavlia hawaiiensis
Indigo suffruticosa⫹
Cetaurium erythraea⫹
Plectranthus parviflorus
Salvia coccinea
Abutilon grandifolium
Cocculus orbicularis
Oxalis corniculata
Argemone glauca
Passiflora foetida⫹
Peperomia leptostachya
Pennisetum clandestinum
Pennisetum setaceum
Rhynchelytrum repens⫹
Anagallis arvensis⫹
Lophospermum erubescens
Physalis peruviana
Solanum americanum
Verbena litoralis⫹
Korthalsella remyana

a
e
a
a
i
a
a
i
a
e
a
i
a
a
a
a
a
a
a
a
e

r
c
r
r
c
c
o
c
u
r
r
c
u
c
r
r
o
r
r
u
c

0
1
0
0
0
0
0
5
0
0
0
459
0
0
0
0
2
0
8
0
0

0
1
0
0
0
0
0
47
0
7
0
92
0
79
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
16
0
0
0
0
0
0
0
0
0

0
3
0
0
15
0
0
8
6
0
0
0
0
0
0
0
0
0
2
0
0

0
0
0
0
5
0
0
1
0
0
0
10
0
434
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
3
0
4
0
0
0
0
0
1
0

Asplenium adiantum-nigrum
Asplenium trichomanes
Asplenium sp.
Nephrolepis exaltata
Lepisorus thunbergianus
Phymatosorus grossus
Psilotum nudum
Doryopteris decora
Pellaea ternifolia

i
i
i
i
i
a
i
i
i

r
r
r
u
c
o
u
r
r

0
0
0
0
0
2
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

a
Plus (⫹) indicates species not found within the preserve prior to the fountain grass and rodent control efforts of 1996. Asterisk ( *) indicates
species planted by territorial foresters in the 1950s and thus not included in any subsequent floristic analyses.
b
a, alien; e, endemic; i, indigenous.
c
c, common; o, occasional; r, rare; u, uncommon.
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