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ABSTRACT

In the Ninole ridges of Hawai’i, we evaluated changes in plant species diversity and composition and the effect of
alien species on the growth and recruitment of native species after disturbance by landsliding. We chose nine landslides
representing three age categories (young, 4—17 yr; intermediate, 18—42 yr; and old, ca 130 yr) plus three undisturbed
forest sites (325-525 yr) to sample and manipulate the vegetation; the undisturbed forest developed on tephra-derived
soils underlain by basalt. The ordination of sites and species using detrended correspondence analysis (DCA) showed
that species establishing on landslides were different than those found in the undisturbed forest; moreover, a large
fraction of the species establishing on young landslides were represented by aliens, mostly grasses and orchids. The
manipulation of alien species (clipping of aboveground parts and removal of above- and belowground parts, including
soil) on young landslides (<17 yr) significantly affected seedling growth of the native tree species Metrosideros poly-
morpha and the recruitment of native species. In addition, the manipulation of grasses and orchids favored the
recruitment of a second group of alien species that were uncommon in, or absent from, our study sites. The removal
of tephra-derived soils by landslides, in combination with an increased presence of alien species, may greatly alter
successional trajectories in the Ninole ridges of Hawai'i.

RESUMEN

En la sierra Ninole de Hawai’i evaluamos cambios en la diversidad y composicién de la vegetacién y el efecto de
plantas exéticas sobre el crecimiento y reclutamiento de especies nativas resultantes de los deslizamientos de tierra.
Escogimos nueve deslizamientos clasificados de acuerdo a tres categorias (jévenes, 4-17 afios; intermedios, 18—42 afios;
viejos, ca 130 afios) y tres sitios de bosque no perturbado (325-525 afios) para muestrear y manipular la vegetacién;
los bosques no perturbados se encontraron en suelos derivados de cenizas volcinicas depositados sobre basaltos. La
ordenaci6n de los sitios y especies utilizando el método de anilisis de corespondencia ajustado (ACA) mostré que las
especies establecidas en los deslizamientos difieren de aquellas establecidas en el bosque no perturbado; m4s atin, una
gran proporcién de las especies establecidas en los deslizamientos jévenes correspondieron a especies exéticas, en su
mayorfa gramineas y orquideas. La manipulacién de especies exéticas (el corte de estructuras aéreas y la remocién de
estructuras 4reas y subdreas incluyendo el suelo) en los deslizamientos jévenes (<17 afios) afectaron de manera sig-
nificativa el crecimiento de plantulas de la especie arbérea nativa Mezrosideros polymorpha y el reclutamiento de otras
especies nativas. Adicionalmente, la manipulacién de gramineas y orquideas favorecié el reclutamiento de un segundo
grupo de especies exéticas poco comunes o que no habfan sido registradas en nuestros sitios de estudio. La remocién
de suelos derivados de cenizas volc4nicas que resultan de los deslizamientos de tierra, en combinacién con la presencia
de especies ex6ticas, tiene el potential de alterar de manera significativa las trayectorias de sucesién vegeral en la sierra
Ninole de Hawai’i.
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PATTERNS OF SPECIES DIVERSITY IN WET, TROPICAL
MONTANE ECOSYSTEMs may be strongly influenced
by landslides (Stebbins 1965; Gentry 1982,1986,
1992; Luteyn 1989; Henderson et 2/ 1991). Land-
slides, unlike other large-scale disturbances, strong-
ly affect soil characteristics; the areas from which
vegetation and soil are removed are colonized by a
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narrow array of species that can thrive under the
harsh and ephemeral conditions found in the re-
cently disturbed substrates (Veblen 1979, Guari-
guata 1990, Dalling 1994, Myster & Walker
1997).

In spite of their potentially important role in
structuring tropical montane ecosystems, landslides
have remained underrepresented in studies aimed
at understanding the factors influencing biological
diversity (¢f Walker et al. 1996). This is particu-
larly true for the islands of Hawaii, where most
work has concentrated on the shallow slopes of the
remaining undissected surfaces of the volcanoes
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FIGURE 1. Location of the Ninole ridges on the Island of Hawaii. The hills or ridges that comprise the system
are in black. Landslides were sampled at three of these ridges: Kaiholena, Puu One, and Kamaikeahu. Lines are mm
isohyets of rainfall; modified after Wolfe and Morris (1996).

(Kitayama & Mueller-Dombgis 1995, Kitayama ez
al. 1995, Raich et al. 1997, Vitousek & Farrington
1997). Steep slopes, however, become the domi-
nant feature of Hawaiian landscapes as the volca-
noes age (Moore & Mark 1992) and landsliding
represents the most important denudation process
affecting these slopes (Wentworth 1943, Scott &
Street 1976, Li 1988, Hill ez al. 1997).

The study of landslides and their influence on
ecosystems may have a further consequence. Land-
slides may favor the spread of weeds and alien spe-
cies through mechanisms that are not well under-
stood (Lundgren 1978, Miles et al. 1984, Willmott
1984, Meyer 1996). First, landslides, by breaking
up the soil profile, disrupt the seed bank and ex-
pose unfertile soils (Willmott 1984). Second, land-
slides and alien plant species with shallow root sys-
tems may act synergistically to increase the fre-
quency of landsliding and thus, the further spread
of alien plants (Meyer 1996). The pervasiveness of
biological invasions in the Hawaiian islands, greatly
facilitated by disturbance (Hughes ez al 1991,
Loope & Giambelluca 1998, Mack & D’Antonio
1998), and the fact that landslides can occur with-
out human intervention, suggest that landslides
may exacerbate the threat of invasion by alien plant
species in montane mesic to wet ecosystems devel-
oping in the remote, dissected surfaces of the is-
lands. In this paper, we ask (1) how landsliding
affects species diversity of a Hawaiian montane me-

sic ecosystem and (2) how alien plant species influ-
ence colonization and establishment of native spe-
cies on landslides.

STUDY SITE

We conducted this study in the Ninole ridges, Kau
District, southeastern portion of the island of Ha-
waii (19°1014"N and 155°34'35"W; Fig. 1). The
Ninole comprise several hills or ridges that repre-
sent remnants of the second oldest volcanic struc-
ture of the island (0.1-0.2 Ma, possibly as old as
0.3 Ma; Lipman et al 1990, Wolfe & Morris
1996); together with the extinct Kohala volcano,
the Ninole ridges exhibit the steepest topography
of the island of Hawai’i (Hitchcock 1906, Stearns
& Macdonald 1946, Moore & Mark 1992). In
part because of their relative remoteness and in part
because of the high rainfall, most of the ridges have
been little influenced by human activities. Cur-
rently, many of these ridges are within the Kau
Forest Reserve.

Overall, the altitude of these ridges ranges from
480-1,116 m, and that of our sampling sites at
Puu One, Kaiholena, and Kaumaikeohu ranged
from 752-900 m. Based on a 5.8 X 1073°C/m
lapse temperature rate, our sites have a mean an-
nual temperature of 20°C (Atlas of Hawaii 1983).
The nearest active climatological station is located
between Puu One and Makaalia and shows a total
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annual average rainfall of 4095 * 1099 mm (Hilea
Gulch, 900 m; DNLR 1983). A climatological sta-
tion that operated at the base of Kaiholena between
1964 and 1972 yielded a total annual average rain-
fall of 2954 = 586 mm (Field 750, 636 m; DNLR
1983). According to these data, our sites can be
classified as subtropical wet forest (Holdridge
1967) or montane mesic forest (Loope 2000). Me-
sic forests in the Kau Forest Reserve, as elsewhere
in the islands of Hawaii, have a closed to open
canopy dominated by the native tree Metrosideros
polymorpha and the tree fern Cibotium sp. (Jacobi
1978).

Undisturbed soils in the Ninole ridges are de-
rived from volcanic tephra underlain by basalt. The
soils are shallow (35 cm in depth until reaching the
hard basalt) and have been classified as hydrous,
perrihydritic, isothermic Lithic Hydrudands (R.
Gavenda, pers. comm.). Soils from landslides are
shallower and represent a mixture of organic matter
and variable amounts of soil from different hori-
zons.

METHODS

At Puu One, Kaiholena, and Kaumaikeohu, we
identified landslides of various ages using aerial
photographs (years 1953, 1954, 1965, 1978, and
1992), dating charcoal remains, and examining his-
torical earthquake records (Restrepo & Vitousek,
pers. obs.). We distinguished three landslide age
categories (young, 4-17 yr; intermediate, 18—42 yr;
and old, ¢z 130 yr) plus the undisturbed forest
(325-525 yr) and located three replicates for each
(Fig. 1). Landslide width and length ranged from
15 to 40 m and 100 to 150 m, respectively. In the
upper part of each landslide we delimited a 20 X
15 m plot perpendiculas to the contour lines, with
the 20 m axes adjacent to the landslide edges. In
the undisturbed forest sites, the plots were placed
at random but always with the longest axis perpen-
dicular to the contour lines. The plots were further
subdivided into 12 5 X 5 m subplots, 8 located at
the edge and 4 at the center of the landslides; 2
edge and 2 center subplots were selected at random
per plot to sample the vegetation. We stratified our
sampling procedure to take into account variation
in species composition from the edge to the center
of the landslides (Walker & Neris 1993, Myster &
Fernidndez 1995).

PLANT DIVERSITY AND COMPOSITION.—Sampling of
the vegetation took place between August 1996
and August 1997. Trees and shrubs with diameter
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at breast height (dbh) =2.8 cm were sampled in
each of the four 5 X 5 m subplots. Trees and
shrubs with dbh <2.8 cm, basically saplings, and
herbaceous plants (forbs, grasses, sedges, orchids,
vines, and rhizomatous plants) were subsampled in
each of four 1.5 X 1.5 m quadrats within the 5 X
5 m subplots. We counted, identified to species,
and measured the diameters (stems =2.8 and <2.8
cm, 1.3 and 0.2 m above ground, respectively) of
all individuals. For herbaceous plants, we estimated
percent cover as the proportion of ground covered
by each species within the quadrats.

ALIEN PLANT SPECIES AND ESTABLISHMENT ON LAND-
supEs.—In young landslides, almost all of the her-
baceous plant cover consisted of alien species,
mainly grasses and orchids (mean percent cover of
alien and native species was 89 and 31%, respec-
tively). These plants not only create a dense cover
that affects light conditions near the ground
(Hughes & Vitousek 1993, D’Antonio et 2l. 1998),
but also develop a thick mat of live and dead roots
(C. Restrepo, pers. obs.) that can alter soil condi-
tions. We designed an experiment to evaluate
whether the dense areal cover or root mats of these
alien plants influenced the recruitment and growth
of native species colonizing young landslides. Three
of the four 1.5 X 1.5 m quadrats into which the
5 X 5 m subplots were divided were assigned to
one of three treatments: (B) removal of all vegeta-
tion and soil to expose the basalt; (CL) removal of
all the aerial parts of the vegetation without dis-
turbing the soil by clipping plants, and (C) control.
The experiments were established in February 1997
on the three young landslides and followed until
February 1998; in August 1997, we again clipped
grasses and orchids that were resprouting or spread-
ing from the sides.

To evaluate the role of alien plant species on
the recruitment of native plant species, we identi-
fied and counted all new seedlings that had estab-
lished in the year after initiating the experiment.
New seedlings were nearly absent from the control
plots after the experiment was terminated; thus,
our analyses were based on the clipped and bare
rock quadrats only. To evaluate the influence of
alien plant species on the growth of native species,
we transplanted seedlings of M. polymorpha into
the experimental quadrats of two young landslides
at Kaiholena. Metrosideros polymorpha is the single
most abundant tree in Hawaiian mesic and wet
forests, including our study sites. Seedlings aver-
aging 4 cm in height that were growing on logs or
rocks in nearby undisturbed forests were collected
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TABLE 1.  Plant species richness and diversity in the Ni-
nole ridges.
No. na-

tive  No. alien Total Diversity!
Young 15 13 28 7.4
Intermediate 17 18 35 9.8
Old 18 11 29 8.1
Undisturbed 19 4 23 5.7

1 Based on the Shannon diversity index. We used the
number of subplots in which species were present as an
estimate of their abundance.

and transplanted into the experimental quadrats
with a soil bedding made with mosses and soil
from the landslides. In total we transplanted 144
seedlings (6 seedlings, 3 quadrats, 4 subplots, 2
landslides), marked them with yellow paint 1 cm
above the root zone, and measured their height up
to the terminal bud. We recorded the increment in
height from the yellow mark in August 1997 and
February 1998. Seedling survival was estimated as
the number of seedlings that were alive at the end
of the experiment.

DaTA aNALysis.—Patterns in species composition
and abundance associated with the formation of
landslides were evaluated using a detrended corre-
spondence analysis (DCA). This method allows the
simultaneous ordination of samples and species
along the main axes of the DCA; samples are sep-
arated along the axes based on variation in species
composition and abundance. Herbaceous plants
were analyzed separately from non-herbaceous
plants because we used different variables to esti-
mate their abundance (percent plant cover versus
basal area, respectively). Analyses were carried out
using CANOCO version 3.1 (ter Braak 1988).

RESULTS

PLANT DIVERSITY AND cOMPOSITION.—We recorded
a total of 46 plant species, 18 of them alien to the
Hawaiian islands (Appendix). Total number of spe-
cies, or species richness, did not vary among the
three landslide-age categories and the undisturbed
forest. Yet species diversity, as described by the
Shannon index, was highest for the intermediate
landslides and lowest for the undisturbed forest
(Table 1). Discriminating between native and alien
plant species showed that the latter made a sub-
stantial contribution to the above results (goodness
of fit test: G = 7.9, df = 3, P = 0.05; Table 1).

More alien plant species and more native plant spe-

cies than expected were recorded in the interme-
diate and undisturbed forests, respectively.

Plant species cleatly segregated among the three
landslide classes and the undisturbed forest, sug-
gesting that abiotic and biotic conditions differ
among the four habitats. The DCA based on the
abundance of herbs separated young and interme-
diate landslides from old landslides and undis-
turbed forest along the first axis of the ordination
and young from intermediate landslides along the
second axis (Fig. 2). We observed an increased
abundance of the aliens Andropogon virginicus,
Schizachyrium condensatum (grasses), and Arundina
graminifolia (orchid) and the natives Machaerina
angustifolia (sedge) and Odontosoria chinensis (fern)
in young landslides. In the landslides of interme-
diate age, the aliens Paspalum conjugatum (grass),
Ageratina riparia, Cuphea carthagenensis (thizoma-
tous forbs), Rubus argutus (prostrated shrub), and
Nephrolepis multiflora (fern), and small individuals
of the native tree fern, Cibotium glaucum (Fig, 2)
increased in abundance. Lastly, in the old landslides
and the undisturbed forest the natives Jachne dis-
tichophylla (grass), Dicranopteris linearis (fern),
Hedyotis centranthoides (vine), and Smilax melas-
tomifolia (vine) increased in abundance. All three
landslide-age categories and the undisturbed forest
shared small individuals of the native tree fern Sad-
leria pallida.

The DCA based on the abundance of shrubs
and trees separated young landslides from inter-
mediate and old landslides and the undisturbed
forest along the first axis of the ordination but not
along the second axis (Fig. 2). The abundance of
Styphelia tameiameiae increased in young land-
slides, whereas the same was true for Antidesma pla-
typhyllum, Clermontia clermontioides, Hedyotis cf.
terminalis, Myrsine lessertiana, and Perrottetia sand-
wicensis, in the undisturbed forest sites (Fig. 2; Ap-
pendix). Species found in the intermediate and old
landslides were shared either with young landslides
(Pipturus albidus, Dodonea viscosa, Pluchea symphy-
tifolia, and Scaveola chamissoniana) or the undis-
turbed forest (Broussaisia arguta, Psychotria ha-
watiensis, Clermontia hawaiiensis, and Coprosma
ochraceae). Three native species, Cibotium glaucum,
M. polymorpha, and S. pallida, were found in all
three landslide-age categories and the undisturbed
forest.

Landslides were clearly separated from the un-
disturbed forest when plants were classified accord-
ing to their status as native and alien species (Fig.
2). Most alien species were recorded in young and
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FIGURE 2. Ordination of samples and species along the first two axes generated by detrended correspondent analysis

(DCA). DCA-axes are in standard units (SD); a distance of four units indicates that species composition varies
significantly among samples. The upper panels show the ordination of the subplots, where YL = young landslides,
IL = intermediate landslides, OL = old landslides, and UF = undisturbed forest. The lower panels show the ordi-
nation of the species. The dotted lines were drawn as reference points to compare pairs of figures (subplots and species)
for each life-form. Abbreviations for the species are in the Appendix.

intermediate landslides, regardless of life-form
(herbs, forbs, shrubs, or trees).

ALIEN SPECIES AND PLANT ESTABLISHMENT.—We re-
corded 31 species colonizing the clipped and bare
rock quadrats (Appendix). Of these, 24 had estab-
lished from seeds and spores and the remaining
were resprouting (e.g., grasses, sedges, and orchids).
Six of the species that established from seeds were

neither recorded before in our study plots nor
along the trails that we frequented: they included
5 alien (Ageratum conyzoides, Conyza canadensis,
Crassocephalum crepidioides, Epilobium ciliatum,
and Polygonum capitatum) and one native (Psen-
dognaphalium sandwicensium) species. Three spe-
cies (Arundina graminifolia, P capitatum, and Vac-
cinium calycinum) recorded in August 1997 were
absent from our plots by February 1998. Converse-
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TABLE 2.

Seedling recruitment on three young (<18 yr) landslides in the Ninole ridges of Hawai’i one year afier the

experimental plots were established. Data for the three landslides were pooled for these analyses. Life-form
includes trees (T), shrubs (S), and herbaceous plants (H). Alien species are identified with *. Significant at 5

(*), at 1 (**), and at 0.1 percent (***).

Plots
Species Life-form Clipped Bare rock Gug;

No differences

Dodonea viscosa T 9 6 0.58

Machaerina angustifolia H 8 12 0.79

Conyza bonariensis H 5 6 0.08

Group of aliens!? H 9 16 1.95
Bare rock > Clipped

Pseudognaphalium sandwicensium H 3 12 5.70*

Metrosideros polymorpha T 75 133 15.94***

Sadleria pallida T 2 46 49.38***

Pluchea symphytifolia® S 88 119 4.50*

Rubus argutus S 13 30 6.83**

Lapsana communist H 1 24 25.75%*

Epilobium ciliatum® H 19 276 267 46***
Bare rock < Chpped

S la chamissoniana S 15 1 14.28***

Ageratum conyzoidest H 11 2 6.59*

Ageratina riparid H 206 94 47 49+

Cuphea carthagenensist H 73 25 24.32%**

! To establish any effect of clipping or soil removal on plant recruitment, we analyzed each species by means of a
goodness of fit (G) test. Sample sizes for six alien species did not satisfy the criterion that more than 80 percent of
the expected cell frequencies have to be greater than 5; so we pooled them into a single group (Sokal & Rohlf 1995).

A,

These species were Conyza ca

is, Crassocephalum crepidioides, Erechlites valerianifolia, Desmodium sp., Nephrolepis

multiflora, and Anemone hupehensis. We corrected the G values using the Williams correction, since goodness of fit
tests involving two classes result in more type I errors than expected; the adjusted G values are more conservative

than the non-adjusted ones (Sokal & Rohlf 1995).

ly, four species (Conyza bonariensis, Desmodium sp.,
O. chinensis, and S. pallida) were new to our plots
in February 1998.

Clipping the vegetation or removing the vege-
tation and soil clearly had an effect on plant re-
cruitment: 11 out of 15 species responded differ-
ently to the treatments. Given a 5 percent proba-
bility of having a species responding differently to
the treatments, it is very unlikely that 11 or more
species would have shown such a pattern by chance
alone (binomial test: P = 8.5 X 10-!1), Native
species could be classified in three groups depend-
ing on their response to the treatments one year
after establishment of the experiment (Table 2).
One set of species, which included the sedge M.
angustifolia and the treelet D. viscosa, was equally
abundant in clipped and bare plots. A second
group, which included M. polymorpha, was more
abundant in bare rock than in clipped plots. Lastly,
a third set that included the native S. chamissoniana
was more abundant in clipped than in bare rock
plots. Overall, seedlings of alien plant species out-
numbered those of native species in terms of num-

ber of species (14 versus 6) and individuals (895
versus 322). Interestingly, the removal of alien
grasses and orchids resulted in the recruitment of
a group of alien species that had a reduced cover
or were absent from our sites at the time the ex-
periment was established (Table 2). Epilobium cil-
iatum, for example, was never recorded in our
plots, but at the end of the experiment, 276 seed-
lings had recruited in the bare rock subplots (versus
19 in clipped subplots).

ESTABLISHMENT, SURVIVAL, AND GROWTH OF M.
POLYMORPHA sEEDLINGs.—More seedlings of M. po-
lymorpha recruited in bare rock than in clipped
plots (goodness of fit test: x2 = 16.2, P < 0.01;
Fig. 3a; Table 2). Survival of transplanted M. po-
lymorpha seedlings was higher in the control than
in the clipped and bare rock quadrats (goodness of
fit test: 2 = 5.9, P < 0.05; Fig. 3b); growth of
the transplanted seedlings of M. polymorpha was
higher in the bare rock than in the clipped and
control quadrats (ANOVA on logtransformed data:
Fz, 52 = 5.01, P= 001; Flg. 3C)
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mm/yr) of transplanted M. polymorpha seedlings one year
after the experiment was set up. C = control plots, CL
= clipped plots, and BS = bare soil plots. Bars represent
1 SD.

DISCUSSION

LANDSLIDES AND PLANT DIVERSITY ON THE ISLANDS OF
Hawar'n.—Qur results clearly indicate that land-
slides are influencing plant diversity in the Ninole
ridges of Hawai’i. Landslides may greatly alter suc-
cessional trajectories, and thus species composition,
by removing the tephra-derived soils and favoring
the establishment of alien species. Landslides are
increasing the diversity of the Ninole ecosystems in
two ways. First, they are favoring the establishment
of native species characteristic of early successional
habitats. Second, they are favoring the establish-
ment of alien species.

We were able to identify three distinct groups
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of plants. The first group found in areas disturbed
by landslides included native and a high proportion
of alien plant species; the second group found in
the undisturbed Ninole forests included primarily
native species. The third group found in landslides
and the undisturbed forest included mostly native
and some alien plant species. Native species colo-
nizing young landslides, such as D. viscosa, S. cham-
issoniana, and S. tameiameiae, are found elsewhere
in mesic to seasonal environments, growing on
young lava flows or tephra-derived soils with vari-
ous degrees of disturbance (Kitayama ez 4/ 1995).
Native species established in the undisturbed Ni-
nole forests, such as B. arguta, P hawaiiensis, and
Clermontia sp., are found in mesic to wet environ-
ments, growing in the forest understory (Kitayama
& Mueller-Dombois 1995, Kitayama et al. 1995).
The occurrence of seedlings and saplings of these
lateer species only in the undisturbed Ninole forests
suggests that they are forest specialists. Three spe-
cies, M. polymorpha and the tree ferns S. pallida
and C. glaucum, were represented among the three
landslide-age categories and the undisturbed forest.
These species not only colonize young lava and
tephra substrates, they also persist and become the
dominant species of Hawaiian mesic and wet mon-
tane ecosystems (Kitayama & Mueller-Dombois
1995, Kitayama ez al. 1995).

The results of our experiments further sup-
ported this grouping of species. For example, S.
chamissoniana was found along the edges of young
landslides (10 edge versus 4 center individuals). In
our experiment, seedlings of this species were more
common on the clipped than on the bare quadrats
(15 vs. 1), suggesting that S. chamissoniana favors
the edges because of the presence of soil: seeds may
be part of the seed bank and respond to increases
in light levels once landslides occur and/or seeds
are preferentially deposited in those sites by dis-
persers. Young M. polymorpha and S. pallida indi-
viduals were found both in the center and edges of
young landslides. In our experiment, seedlings of
these two species were more abundant in bare rock
(N = 133) than in dlipped (N = 75) quadrats,
suggesting that they colonize and establish either
on bare basalt or soil.

The only other studies in the Hawaiian islands
that have investigated changes in species composi-
tion following the formation of landslides have
been conducted in the much older (2500 kyr) Koo-
lau Mountains, Oahu. Here, landslides in mesic
sites are rapidly colonized by the false staghorn, D.
linearis and some unidentified alien species; among
the thick mats of D. /inearss, scattered individuals
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of the trees M. polymorpha, Cheirodendron trigyn-
um, Pittosporum glabrum, and Acacia koa and the
tree fern Cibotium sp. emerge (Wentworth 1943,
Scott 1969). In less mesic sites, landslides are col-
onized by the alien grass A. virginicus (Noguchi
1992). On the even older island of Kauai, land-
slides are covered rapidly by D. linearis; in recent
years, the alien grass S. condensatum has colonized
landslide-disturbed areas (E. Pettys, pers. comm.).
Patterns of species composition on the Ninole
landslides do not resemble those from the Koolaus
and Kauai, probably because of differences in sub-
strate that include the presence of little-weathered
basalt and tephra-derived soils at Ninole.

Landslides may contribute to the establishment
and spread of alien species into the Ninole ecosys-
tems. First, a high proportion of the herbaceous
species found on young landslides were aliens (Fig.
2). Second, the removal of the alien grasses and
orchids resulted in the recruitment of a second
group of aliens, mostly forbs. In our sampling
plots, some of these forbs (e.g., A. riparia and C.
carthagenensis) had a high cover. Lastly, recruitment
and growth of M. polymorpha seedlings were higher
in quadrats in which grasses and orchids were re-
moved. These results suggest that the conditions in
the undisturbed forest are not favorable for the es-
tablishment of alien species (.e., the undisturbed
forest is “resistant” to the invasion of alien species).
It is also possible that aliens may be replaced by
native species over time, as indicated by their near
absence from old landslides. Alternatively, our re-
sults may indicate that a combination of favorable
conditions on young landslides and an increased
presence of alien species in the area is driving the
observed patterns. In fact, forest clearing around
the Ninole ridges and the esgablishment of sugar-
cane plantations within the last 50 years may have
favored the movement of aliens in this area. Our
results indicate that the removal of tephra-derived
soils by landslides in combination with an in-
creased presence of alien species may greatly alter
successional trajectories in the Ninole ridges of Ha-
wai'l.

LANDSLIDES AND PATTERNS OF SPECIES DIVERSITY ELSE-
wHeRe.— T he few studies that have documented
changes in species composition after disturbance by
landsliding indicate that there is a narrow set of
species that colonizes the young substrates; these
species, however, vary from site to site (Guariguata
1990, Myster 1993, Dalling 1994, Myster & Walk-
er 1997, Myster & Sarmiento 1998). In the Lu-
quillo forest of Puerto Rico, the young landslides
studied by Guariguata (1990) were colonized by
shrubs and trees in the Rubiaceae and Cecropi-
aceae; alien species were never reported in spite of
the fact that Puerto Rico has many alien plant spe-
cies (M. Guariguata, pers. comm.). In the Las Mir-
las watershed of Colombia, landslides are colonized
by species in the Poaceae (including some alien spe-
cies), Orchidiaceae, and Asteraceae as observed in
the Ninole (C. Restrepo, pers. obs.). The Puerto
Rican landslides are roughly at the same latitude
and elevation as those in the Ninole, but the un-
derlying geological substrate is different. On the
other hand, the Las Mirlas landslides are at a sim-
ilar elevation as those in the Ninole (after correct-
ing for latitude) and share a similar geological sub-
strate. At Las Mirlas, landslides have removed ash-
derived soils and exposed basalts similar to those
found in the Ninole. This leads to the suggestion
that perhaps geological substrate may be important
in explaining patterns of succession and diversity
on landslides. More data, however, are needed to
tease apart the role of climate, geological substrate,
and floristic composition on succession after dis-

turbance by landsliding.
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