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Abstract: Invasion of native communities by alien species is one of the main
threats to biodiversity. This threat is particularly high on isolated tropical islands,
with the Hawaiian Islands being one of the foremost examples of this
phenomenon. The Kīpahulu Biological Reserve on the island of Maui provides a
unique opportunity to study how alien plant species establish and spread into
native communities. The reserve covers a wide altitudinal range and has been
surveyedmultiple times.We analyzed the spatiotemporal dynamics of alien plant
species invasion in the forest of the valley between 1945 and 2018. At the time the
reserve was created, most of the valley was relatively free of alien plant species.
Extensive management, including fencing to exclude ungulates, was conducted
during the 1980–1990s to stop the invasion by alien plant species occurring since
the 1970s. Today, only the forest located in the upper part of the valley (>1400m)
is nearly free of alien plant species. Despite management efforts, the middle
portion of the valley (between 960 and 1400m) is in the process of being invaded
by Clidemia hirta (Melastomaceae), Hedychium gardnerianum (Zingiberaceae),
and other invasive plants. AlthoughC. hirta andH. gardnerianumwere detected at
an incipient stage in the 1980s, those species invaded a large part of the Kīpahulu
valley. This highlights the importance of control of alien plants following early
detection, especially in areas where initial numbers and densities are low.
Additional management efforts are urgently needed to limit alien species
invasions into one of the last relatively pristine wet forests of Hawai‘i.
Keywords: biodiversity hotspot, Haleakala- National Park, invasive plants,
island, Kīpahulu valley, ungulates
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for biological invasions (Simberloff 1995,
Denslow 2003, Caujape-Castells et al. 2010,
Dawson et al. 2017). Isolated tropical islands
are particularly affected by alien plant invasions
with the Hawaiian Islands being a foremost
example of this phenomenon (Denslow et al.
2009, Moser et al. 2018, Ibanez et al. 2019).
Today, naturalized alien vascular plant species
outnumber Hawaiian native species (Imada
2012, 2019), and vegetation dominated by
native species only covers about 30% of the
Hawaiian archipelago (Jacobi et al. 2017).
Monitoring and understanding how alien
species establish and spread in native commu-
nities is critical to managing this threat.

The Hawaiian archipelago was first colo-
nized by Polynesians less than 1,000 years ago
(Wilmshurst et al. 2011), and later by
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Europeans, after Captain J. Cook reached the
archipelago in 1778. As with other Polynesian
islands, the settlers intentionally introduced
alien plants for food and cultural purposes.
Those early Polynesian introductions
together with the many other alien plants
intentionally or accidentally introduced since
European colonization often dominate low-
land areas resulting in a mix of alien and native
plant species (Mueller-Dombois and Fosberg
1998, Jacobi et al. 2017). Alien plant species
are usually more numerous at lower elevation
and tend to spread upward in the context of
global changes (Pauchard et al. 2009, Guo
et al. 2018, Ibanez et al. 2019).

Along with plants, Polynesians and Eur-
opeans introduced ungulates, including feral
pigs (Sus scrofa), which emerged as a major
threat to Hawaiian forest biodiversity during
the last half of the twentieth century (Stone
and Loope 1987, Vitousek et al. 1987).
Indeed, the native vegetation of isolated
islands is particularly vulnerable to the
introduction of ungulates, as these plants
generally evolved in their absence (Bowen and
van Vuren 1997, Courchamp et al. 2003).
Feral pigs favor the establishment and spread
of alien plant species in different ways. They
consume and damage (girdling, digging up)
native plant communities, which open niches
for alien plants, and actively or passively
disperse their seeds (Yoshinaga 1980, Diong
1982, Weller et al. 2011, Murphy et al. 2014,
Wehr et al. 2018, Weller et al. 2018).

The isolated Kīpahulu valley on the island
of Maui has long been recognized as shelter-
ing some of the most well-preserved forests in
Hawai#i. The first extensive survey of the
valley, the Kīpahulu Valley Expedition, was
conducted in 1967 (Warner 1968). The
members of the expedition found that many
ecosystems of the valley were exceptionally
undisturbed. Although the lower part of the
valley was already highly disturbed and
invaded by alien plants, notably by Psidium
cattleianum (Myrtaceae) and Rubus rosifolius
(Rosaceae), the wet forest located above 600m
was still considered relatively free of alien
species. Indeed, only one dozen alien species
were found and those species were restricted
to openings disturbed by pigs in the middle
part of the valley (<1200m). In 1969,
following the recommendations of the
Kīpahulu Valley Expedition, the Kīpahulu
Biological Reserve was added to Haleakala-
National Park to protect the unique biodi-
versity of the valley. In 1986–1987, fences
were installed to prevent the movement of
feral pigs and delineate invasive species
management units in the Kīpahulu Biological
Reserve (Anderson and Stone 1993).

The Kīpahulu Biological Reserve provides
critical habitat for numerous threatened and
endangered plants and birds (Krushelnycky
et al. 2019) aswell as a rare opportunity to study
spatiotemporal patterns of establishment and
spreadof alienplant species.The reserve covers
a wide altitudinal range (300– 2,300m) and has
been surveyedmultiple timesduring thepast75
years. We analyzed the spatiotemporal
dynamics of alien plant species invasion
between 1945 and 2018 using historical and
recent plant surveys.Ouraimswere (i) to report
on the current distribution and abundance of
alien plant species in Kīpahulu valley as well as
identify which of these species are more likely
to constitute a risk for native communities,
(ii) todocumentwhenthedifferentalienspecies
established andhow they spread into the valley,
and (iii) to determine if alien plant species have
spread upward in the different Kīpahulu
management units (lower, middle, and upper
Kīpahulu).
MATERIALS AND METHODS

Study Area

The study area consists of the 3,350-ha
Kīpahulu Biological Reserve on the eastern
slope of Haleakala- Volcano on the island of
Maui (Figure 1). Located on the windward
coast of the island, it receives high precipita-
tion (from about 2,500mm/yr in the lower
part of the valley to more than 7,000mm/yr),
and mean annual temperatures range from
more than 20 °C in the lower part, to less than
10 °C in the higher part of the valley. We
focused on forests located above 600m and
extending up to 2,300m. Native species
dominated this area at the time of the first
survey and the forests can be divided into



FIGURE 1. Location of the Kīpahulu valley reserve (Haleakala- National Park) on the island ofMaui (Hawai#i). Grey lines
highlight 100-m elevation interval.
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three broad types: (1) between 600 and
1,000m, the forest is dominated by the native
koa tree (Acacia koa, Fabaceae), (2) between
1,000 and 1,200m, the forest is co-dominated
by the native ōhi#a (Metrosideros polymorpha,
Myrtaceae) and koa trees, and (3) between
1,200 and 2,300m, the forest is dominated by
the native ōhi#a tree (see Anderson et al. 1992
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and Medeiros et al. 1998 for a more detailed
description of the different vegetation types
found in the valley). This area has been closed
to public access (e.g., no recreational trails)
since the creation of the reserve. In 1986–
1987 fences were installed, delineating the
valley into three management units, lower,
middle, and upper Kīpahulu, corresponding
roughly to the koa, koa-ōhi#a, and ōhi#a
dominated forests (Figure 1).
Alien Plant Surveys

We analyzed the invasion of Kīpahulu valley
by alien plant species over the last 73 years
using historical plant surveys conducted in
1945 (Fagerlund 1945), 1967 (Lamoureux
1968), 1976 (Lamoureux and Stemmermann
1976), 1979 (Yoshinaga 1980), 1983–1988
(Anderson et al. 1992), and recent plant
surveys conducted between 2012 and 2018
(Ainsworth et al. 2011, 2012).

Most of the historical surveys (those
conducted between 1945 and 1979) consisted
of qualitative surveys using trails around
which the presence of alien plant species
were reported. The itineraries, the number of
days spent in the valley, and the number of
people involved varied between plant surveys.
In 1945, two rangers surveyed the valley from
top to bottom during a five-day trip. They did
not report their precise itinerary but they
likely went through the Southeast side of the
upper plateau (Yoshinaga 1980). In 1967, the
Kīpahulu Valley Expedition (Warner 1968)
involved approximately 28 people, including
three botanists, all of whom stayed 29 days in
the valley. They explored the valley upward
following the central ridge and used lateral
trails around three basecamps located at 950,
1,270, and 2,000m elevation (Figure S1 in
supplementary material). In 1976, four peo-
ple, including a botanist from the former
Kīpahulu Valley Expedition, re-surveyed the
trails and basecamps of the expedition during
three days (Lamoureux and Stemmermann
1976). Yoshinaga (1980) did not provide
details about its 1979 survey.

Anderson et al. (1992) used a more
quantitative approach in which fourteen
500-m long transects were established with
20m� 20m plots placed every 100m (Figure
S1 in supplementary material). In each plot,
the presence and the coverage of alien plant
species were notated using modified Braun-
Blanquet cover classes (Mueller-Dombois and
Ellenberg 1974). The last survey was con-
ducted between 2012 and 2018 within the
framework of the Pacific Island Inventory and
Monitoring Network (see https://www.nps.
gov/im/pacn/index.htm). Sampling within
Kīpahulu valley consisted of thirty 20m�
50m plots and fourteen 1,000-m long
transects (see Ainsworth et al. 2011, 2012,
Fig. S1). In each plot, all alien plant species
were listed and all large trees with a diameter
at breast height (dbh)≥ 10 cm were recorded.
All small trees (1 cm≥ dbh < 10 cm) and large
tree ferns (dbh≥ 10 cm) were recorded in
10m� 25m sub-plots, and all seedlings
(dbh < 1 cm and height≥ 50 cm) and small
tree ferns (dbh < 10 cm), and shrubs (height
≥ 50 cm), were recorded in 2m� 50m sub-
plots. The coverage of species in the under-
growth was also measured along three 50m
transects located along the two long edges and
middle of the plot. Along these transects, the
presence of species was recorded every 0.5 m
if one or more species intercepted a 2-m
height pole. The fourteen 1,000-m long
transects consisted of continuous 5 m� 20m
plots in which the coverage of all alien species
was estimated using modified Braun-Blanquet
cover classes (Mueller-Dombois and
Ellenberg 1974).
Analyses

For each survey, we gathered all available
information about the occurrence, abun-
dance, location, and elevational boundaries
of alien plant species (Table S2). We also
noted whether a species was considered
a threat to the native diversity as stated by
the reporting authors and when available, the
Weed Risk Assessment (WRA) score from
the Hawaiian Pacific Weed Risk Assessment
database (www.hpwra.org, Daehler et al.
2004). The WRA score facilitates an evalua-
tion of the likelihood that an alien plant
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species may become invasive and negatively
impact natural ecosystemsgivena seriesof traits
(invasion history, biology, and ecology). Species
with scores higher than six are designated high
risk, predicted to become invasive in tropical
island ecosystems, and may negatively impact
natural ecosystems. We also noted if the alien
species is listed as one of the “100 of the world’s
worst invasive alien species” (Global Invasive
Species Database 2018, http://www.iucngisd.
org/gisd/100_worst.php).

Given that alien plant surveys between 1945
and 2018 differed in their protocols, changes in
alien species invasion through time were
analyzed using species presence records and,
when available, elevation ranges. None of the
surveys fully covered the valley and the areas
surveyed differed among them. As a result, the
absence of a species in a survey does not
necessarilymeanthat the specieswasnotpresent
in another area of the valley. We used the
2012–2018 surveys to analyze the current spatial
variation in alien species invasions. For each
plot, we computed the number of alien plant
species, the coverage of alien species in the
undergrowth (the ratio between the number of
measurement points where at least one alien
species was intercepted and the total number of
measurement points), and the relative density of
alien plant species in different size or life form
classes (large trees, small trees, seedlings, large
tree ferns, small tree ferns). These different
features weremodeled as a function of elevation
using generalized linear models (GLMs) with a
Poisson distribution for species number and a
binomial distribution for relative density and
coverage. The elevation of each plot was
extracted from theUSGS10-mdigital elevation
model. All analyses were performed using R
statistical software (R Core Team 2018).

RESULTS

A total of 75 naturalized alien species have
been observed at least once in the Kīpahulu
valley throughout the different plant surveys
(see Table S2 in supplementary material).
Among those species, 33 have been evaluated
as representing a high invasion risk in the
Hawaiian Islands (WRA score> 6), and four
have been listed as one of the 100 of the
world’s worst invasive alien species (Table 1).
Most of the other species have yet to receive
WRA scores (Table S2). The number of alien
plant species observed in the valley sharply
increased in the 1970–1980s (Figure 2). This
increase was larger in management units
located at lower elevation compared to those
located at higher elevation.

In comparison to the preceding surveys, 11
new alien species were recorded between 2012
and 2018 among which six received WRA
scores and three have been evaluated with a
WRA score> 6: Blechnum appendiculatum
(Blechnaceae, WRA score = 17), Centella
asiatica (Apiaceae, WRA score = 7), and
Tibouchina herbacea (Melastomaceae, WRA
score = 24). The number of alien plant species
found per plot between 2012 and 2018
decreased with increasing elevation
(Figure 3A). Plots located in the lower and
middle Kīpahulu exhibited relatively high
alien species richness compared to those
located in the upper Kīpahulu. When we
combined observations in plots and transects
between 2012 and 2018, 13 alien species were
observed in the upper Kīpahulu while 18 and
24 species were observed in middle and lower
part of the valley, respectively (Figure 3B).

The coverage of alien plant species in the
undergrowth and their relative density in the
different plant size classes sharply decreased
between lower and middle Kīpahulu
(Figure 4). Clidemia hirta (Melastomataceae)
and P. cattleianum had the highest coverage in
the undergrowth; they were inventoried in 8
and 9 plots with average coverage of 17.3%
and 13.5%, respectively (see Figure S3 in
supplementary material). Psidium cattleianum
was the only species recorded as a seedling,
small tree, or large tree within plots. In the
lowest plot, P. cattleianum largely dominated
the large-tree and seedling size-classes and
formed dense thickets. Two alien species,
C. hirta and R. rosifolius dominated the shrub
layer in lower Kīpahulu. The alien tree fern
Sphaeropteris cooperi (Cyatheaceae) was
observed in locations below 1,000m elevation.

Psidium cattleianum, established in the
lower Kīpahulu prior to 1967, was one of
the first alien plant species considered a threat
to native plant diversity in the valley (Table 1).



TABLE 1

Alien Species List Found in the Kīpahulu Valley During the Different Surveys in 1945 (Fagerlund 1945), 1967
(Lamoureux 1968), 1976 (Lamoureux and Stemmermann 1976), 1979 (Yoshinaga 1980), 1983–1988

(Anderson et al. 1992), and 2012–2018 (This Study)

Family Taxa WRA Score Life Form 1945 1967 1976 1979 1983–
1988

2012–
2018

Melastoma-
taceae

Clidemia hirta (L.)
D. Don

28 Shrub X*† X

Poaceae Paspalum conjugatum P. J.
Bergius

28 Herb X X X† X† X

Asteraceae Ageratum conyzoides (L.) L. 26 Herb X X X
Melastoma-
taceae

Tibouchina herbacea (DC.)
Cogn.

24 Herb-
subshrub

X

Commelin-
aceae

Commelina diffusa Burm. f. 23 Herb X X

Poaceae Andropogon virginicus L. 22 Herb X†

Poaceae Setaria palmifolia (J.
Koenig) Stapf

22 Herb X X

Myrtaceae Psidium guajava L. 21 Shrub-
small tree

X X X X† ?

Poaceae Holcus lanatus L. 20 Herb X X X X† X
Myrtaceae Syzygium jambos (L.) Alston 20 Tree X
Poaceae Ehrharta stipoides Labill. 19 Herb X*†

Poaceae Melinis minutiflora P. Beauv. 18 Herb X† X†

Poaceae Pennisetum clandestinum
Hochst. ex Chiov.

18 Herb X*

Myrtaceae Psidium cattleianum
Afzel. ex Sabine

18 Shrub-
small tree

X X† X† X† X

Polygonaceae Rumex acetosella L. 18 Herb X X X
Blechnaceae Blechnum appendiculatum

Willd.
17 Fern X

Poaceae Axonopus fissifolius (Raddi)
Kuhlm.

16 Herb X†

Zingiber-
aceae

Hedychium
gardnerianumSheppard
ex Ker Gawl.

16 Herb ? X*† X

Asteraceae Hypochaeris radicata L. 16 Herb X X X X† X
Orchidaceae Spathoglottis plicata Blume 16 Herb X
Cyatheaceae Sphaeropteris cooperi (F.

Muell.) R. M. Tryon
16 Tree fern X† X

Pteridaceae Adiantum raddianum C.
Presl

15 Fern X X

Poaceae Axonopus compressus (Sw.) P.
Beauv.

15 Herb X†

Poaceae Anthoxanthum odoratum L. 14 Herb X†

Asteraceae Senecio vulgaris L. 14 Herb X
Bignoniaceae Spathodea

campanulataP. Beauv.
14 Tree X† X*†

Asteraceae Youngia japonica (L.) DC. 14 Herb X X X X
Euphorbi-
aceae

Aleurites moluccana‡ (L.)
Willd.

12 Tree X

Poaceae Paspalum dilatatum Poir. 12 Herb X X*

Cyperaceae Rhynchospora caduca Elliott 11 Herb X X
Rosaceae Rubus rosifolius Sm. 10 Subshrub-

shrub
X X X X X X

Apiaceae Centella asiatica (L.) Urb. 7 Herb X
Onagraceae Epilobium billardierianum

Ser.
7 Herb X

Only species with a weed risk assessment (WRA) scores ≥ 6 (high) are shown here (see Table S2 for full table). Species highlighted in
bold font belong to the “100 of the World’s worst invasive alien species.” “X” represents species found by the valley and “?” represent
species for which the identification was uncertain.
*Observed in the Kīpahulu valley but not in the plots.
†Reported by the authors as a threat.
‡Polynesian introduction.



FIGURE 2. Cumulative number of alien plant species
observed in the different management units of the valley
(lower, middle, and upper Kīpahulu) across the different
surveys (see Table S2).

Patterns of Alien Plant Invasions • Ibanez et al. 7
It has greatly spread upward nearly doubling
the upper elevation boundary. It was observed
up to 670m in 1967, up to 1,000m in 1976,
and up to 1,200m in 1983–1988. Although
the upper elevation limit did not change
during the last 30 years, P. cattleianum is now
widely distributed in the lower Kīpahulu and
in the lower two-thirds of the middle
Kīpahulu (Figure 5).

Our 2012–2018 surveys highlighted that
some alien species have dramatically expanded
during the past two decades. The most
notable ones are C. hirta and H. gardnerianum
(Zingiberaceae). Clidemia hirta was first
observed in the Kīpahulu valley in 1988 at
850 m where one plant was found and
removed. In our 2012–2018 surveys, this
species was widely recorded in the lower
Kīpahulu and in the lower part of the middle
Kīpahulu (between 740 and 1,150m,
Figure 4). In some places it even dominated
the undergrowth (Figure 5).

A clump of gingers (likelyH. gardnerianum)
was first reported by Yoshinaga (1980) and
more than 10 years later Anderson et al.
(1992) reported that the invasion by
H. gardnerianum was still at an incipient stage
with an individual recorded between 880 and
1,100m. During our recent surveys,
H. gardnerianum was widely recorded in both
the lower and middle Kīpahulu (between 775
and 1,535 m, Figure 3). Its coverage remained
relatively low however as it never exceeded
more than 25% of the undergrowth in any
plot (Figure 5). Rubus rosifolius which was
already present in the valley <610m in 1945
has spread upward and was found up to
1,570m during our last survey. Another
potentially highly invasive Melastomataceae,
T. herbacea, was newly observed in the valley
between 2012 and 2018 and has already
colonized all three parts of the valley between
770 and 1,490m.

DISCUSSION

The elevational boundary separating the
relatively alien-free wet forest of Kīpahulu
valley from the invaded areas has been pushed
upward by persistent alien plant invasions
over the last few decades. While the first
surveys of the valley in 1945 suggested that
pristine forest could still be found in lower
Kīpahulu (down to 600m), our recent surveys
indicate that only the forest located in upper
Kīpahulu (>1,400m) remains relatively free
of invasive alien plant species.

The relative density and coverage of alien
species in plant communities exhibited a
strong elevational pattern with dramatic
decreases from lower to upper elevation. This
pattern is very common worldwide and can be
explained by multiple factors including higher
human disturbance levels and propagule
pressure associated with lower biotic resis-
tance and climatic constraints at lower
elevations compared to upper elevations
(Pauchard et al. 2009, Guo et al. 2018).
Invasion by alien plant species (notably Holcus
lanatus, Hypochaeris radicata, P. cattleianum,
Paspalum conjugatum, and R. rosifolius), likely
promoted by feral pigs occurred in the late
1970s (Yoshinaga 1980, Diong 1982). A vast
program of conservation was put in place in
the 1980–1990s to tackle this invasion and
keep the middle and upper part of the valley
free of ungulates and alien plant species



FIGURE 3. Elevational patterns of alien species richness and composition fromNational Park surveys in 2012–2018. (A)
Number of alien species per plot (N = 30) as a function of elevation; gray line represent generalized linear model (GLM)
fit with a Poisson distribution (P values < 0.001). (B) Occurrences of alien species in plots (black points) and along
transects (grey points) located at different elevations (only species identified at the species level are shown). The vertical
dotted black lines represent the fence lines delineating the lower, middle, and upper Kīpahulu management areas.



FIGURE 4. Elevational patterns of alien species coverage and relative density from National Park plots surveys
in 2012–2018 (N = 30). Gray lines represent generalized linear model (GLM) fit with binomial distribution
(P values < 0.001). The vertical dotted black lines represent the fence lines delineating the lower, middle, and upper
Kīpahulu management areas.
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(Anderson et al. 1992, Loope et al. 1992,
Anderson and Stone 1993, Loope et al. 2013).
Those conservation efforts may have slowed
down the invasion but failed to stop the
establishment and spread of alien plant species
upward.

Since the last extensive survey by Anderson
et al. (1992), 11 new alien plant species,
among which three exhibit high WRA scores,
have been observed (B. appendiculatum,
C. asiatica, and T. herbacea). Invasion by
T. herbacea, which is able to invade undis-
turbed forests is of particular concern (see
Almasi 2000). This tall, shrub-like herb has
been first recorded in the valley in 1998
(National Park Service unpublished data) and
has quickly spread in all three management
units of the valley. Two previously observed
species with high WRA scores, C. hirta and
H. gardnerianum, have spread and expanded
within the valley. Clidemia hirta, which was
first observed in the valley in 1988 at 850m,



FIGURE 5. Distribution and coverage of some of the worst invasive alien plant species from National Park surveys in
2012–2018.
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was already well-established by 2004 between
825 and 1,040m (Medeiros 2004). It
continued to spread and is currently well-
established between 740 and 1,150m.
According to Loope et al. (1992), C. hirta
could continue to expand up to 1,500m and
higher due to global warming.

Invasion by H. gardnerianum is particularly
threatening. This tall herb (up to 2–3m high)
can establish a monospecific understory and
decrease the recruitment of native trees
without affecting the recruitment of
P. cattleianum (Minden et al. 2010). In the
long-term this can lead to the replacement of
the native canopy species by P. cattleianum
along its elevational range (currently up to
1200m) with lasting effects on biodiversity
(Boehmer 2011). Furthermore, although
H. gardnerianum currently occurs up to
1,535m this species is native to the Hima-
layas, is cold tolerant and capable of establish-
ing in native forest understory, even in the
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absence of pig disturbance, and therefore
constitutes a major threat to the upper
Kīpahulu forest (Medeiros 2004).

Our results support that ungulate removal
and fencing did not stop the spread of alien
plant species. This is in agreement with other
studies in Hawai#i showing that fencing alone,
without active alien plant species removal and
restoration efforts, can still benefit alien plants
(Weller et al. 2011, 2018). The spread of alien
plant species in upper Kīpahulu may have
been limited by an higher biotic resistance of
the ōhi#a dominated forest. Indeed, compared
to areas dominated by koa trees at lower
elevations, areas dominated by ōhi#a trees
exhibit lower invasibility because of lower
light and nutrient availability in the
undergrowth (Denslow et al. 2006, McDaniel
and Ostertag 2010, Yelenik 2017).

Although some species such as C. hirta,
H. gardnerianum, and T. herbacea are able to
grow in the shade of undisturbed native
canopies, most alien plant species grow better
with higher light availability (e.g., Pattison
et al. 1998, Almasi 2000, Baruch et al. 2000,
McDaniel and Ostertag 2010). Massive defo-
liation of koa trees due to an outbreak of the
Hawaiian koa moth (Scotorythra paludicola,
Geometridae) in 2003–2004may have favored
the establishment and spread of alien plants
in the valley (Haines et al. 2009). This
defoliation event may partly explain the
observed spread of alien plants species into
the koa and ōhi#a-koa forests in lower and
middle Kīpahulu compared to the survey by
Anderson et al. (1992).

The ōhi#a dominated forest in upper
Kīpahulu has remained relatively undisturbed
and free of alien species. As in the other
Hawaiian Islands, this ōhi#a forest is threa-
tened by two non-native fungi, Ceratocystis
lukuohia and Ceratocystis huliohia (Ceratocys-
tidaceae), known to cause rapid and wide-
spread death of ōhi#a (known as Rapid Ōhi#a
Death, ROD) that appeared in a variety of
locations on the neighboring island of Hawai#i
in 2010 (Asner et al. 2018, Vaughn et al.
2018). So far those fungi have not spread on
Maui but environmental conditions in
Kīpahulu valley are suitable for their devel-
opment (Fortini et al. 2019). Ceratocystis
huliohia has been detected in 2019 on one
tree near Kīpahulu valley. The establishment
and spread of those fungi in the Kīpahulu
valley would promote accelerated spread of
alien plant species through the relatively well
preserved ōhi#a forest. Spread of alien plant
species toward higher elevation is also
supported by ongoing climate changes
(Vorsino et al. 2014, Koide et al. 2017).

Unfortunately, fencing may do nothing to
prevent the movement of non-native frugi-
vorous bird species such as Japanese white-eye
(Zosterops japonicus, Zosteropidae) and red-
billed leiothrix (Leiothrix lutea, Timaliidae),
both common in Kīpahulu valley. These bird
species play a significant role in the dispersal
of C. hirta, H. gardnerianum, P. cattleianum, as
well as other highly invasive weeds like
Miconia calvescens (Melastomataceae) also
recently been detected in the lower valley
and outside the area of this study (Medeiros
et al. 1998, Medeiros 2004, Leary et al. 2014).

CONCLUSION

Given the limited resources to combat
invasive alien plant species, a priority man-
agement area has recently been set up with
alien plant species management focusing
above 1,067 m to try to prevent continued
upward spread. Currently, upper Kīpahulu is
still considered pig-free; however, within the
last five years, lower and middle Kīpahulu
have increased pig populations (National
Park Service unpublished data). Although
C. hirta and H. gardnerianum—two of the
world’s worst invasive alien species—were
detected at an incipient stage in the 1980s,
these species are now pervasive in Kīpahulu
valley. Today, it seems unrealistic to eradicate
these species from the valley. However, the
development of new and effective biocontrol
strategies for well-established invasive plants
could help to prevent their spread into or
reduce their impacts on one of the last
relatively pristine wet forests of Hawai#i.
Conservation efforts should focus on con-
trolling alien plant species in middle
Kīpahulu and preventing the spread of those
species into the upper part of the valley. The
quick expansion of C. hirta and
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H. gardnerianum highlights the importance of
early detection and control of invasive alien
plant species particularly in areas where
initial numbers and densities are low.
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SUPPLEMENTARY FIGURE S3. Average coverage of alien species in the undergrowth (in plots where the species occurred,
National Park surveys in 2012–2018). Numbers next to the bars indicate the number of plots (N = 30) where the species
were inventoried in the undergrowth.
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