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Introduction
The Hawaiian Islands are well known for their unique 

ecosystem assemblages that have a high proportion of endemic 
flora and fauna (Carlquist, 1980; Wagner and Funk, 1995; Ziegler, 
2002). However, since human colonization of this archipelago—
starting with the arrival of Polynesian sailors approximately 
1,200 years ago (Kirch and Hunt, 1997; Kirch, 2007, 2011), and 
particularly following western contact in 1778—thousands of 
non-native species have been introduced to the Islands and many 
of these alien species have had severe impacts on the native 
ecosystems (Smith, 1985; Stone and Scott, 1985; Staples and 
Cowie, 2001). Particularly damaging to these ecosystems are large 
mammals, including goats (Capra hircus), pigs (Sus scrofa), cattle 
(Bos taurus), deer (Axis axis and Odocoileus hemionus), and sheep 
(Ovis spp.), which are collectively referred to here as ungulates; 
they cause extensive damage to the native vegetation by their 
browsing, grazing, and trampling (Warshauer, 1998; Hess and 
others, 1999; Chynoweth and others, 2013). Similar impacts have 
been documented elsewhere, including New Zealand (Allen and 
others, 1984) and many other island ecosystems (Coblentz, 1978; 
Brockie and others, 1988; Loope and others, 1988).

Previous studies in Hawai‘i have utilized fenced exclosures 
to assess the impacts of feral or wild ungulates on vegetation 
and the recovery potential for the native plant communities by 
comparing plant community composition, structure, and cover 
inside the fenced area (without ungulates) over time to the 
vegetation condition outside of the protection of the fence (Loope 
and Scowcroft, 1985; Cole and Litton, 2014; Leopold and Hess, 
2017). In some cases, the native vegetation recovered once the 
animals were removed (Jacobi, 1981; Scowcroft and Giffin, 1983; 
Hughes and others, 2014). However, in other situations alien 
plants were more competitive and dominated the revegetation 
process after the impacts of ungulates had been reduced or 
eliminated (Loope and Scowcroft, 1985; Cabin and others, 2000).

This report describes the response of a highly degraded 
lowland dry habitat plant community located on the south slope of 
east Moloka‘i, Hawai‘i, to reduction of browsing and grazing 
impacts caused by feral goats. For this study, vegetation response 
inside a fenced exclosure was compared to vegetation change in 
the area outside of the fence that was still accessible to goats. This 
study is part of the larger U.S. Geological Survey Ridge-to-Reef 
(USGS-R2R) research project conducted between 2008 and 2014 
to better understand the magnitude of, and factors responsible for, 

increased erosion on Moloka‘i. The upslope erosion has resulted 
in heavy sedimentation of the near-shore coral reef ecosystem 
on the leeward side of the island (Field and others, 2008; Stock 
and others, 2011; Jacobi and Ambagis, 2013). The project area 
and adjacent lands are managed by the East Moloka‘i Watershed 
Partnership (EMoWP) to restore the vegetation and reduce 
erosion on the leeward side of the island (Hawai‘i Association of 
Watershed Partnerships, 2014). 

Specific questions addressed in this vegetation change study 
include:
1. How does the vegetation composition, structure, and cover 

respond to different population levels of feral goats in this
area?

2. Are there plant species that can be used as indicators of 
different population levels of goats?

3. Can native plants recover and become dominant again with 
the reduction or elimination of goats from this area?

4. Are there invasive plant species that respond favorably to 
reduction of goat populations and could result in additional
management threats to this area over time?

5. How does the succession of vegetation following goat
control relate to the original composition and structure of the
plant communities that were formerly found in this area?

Description of the Study Area
Physical Setting

The USGS-R2R study area is located on the south-facing 
slope of the eastern side of the island of Moloka‘i, fifth largest 
of the main Hawaiian Islands (Juvik and others, 1998). This 
area encompasses approximately 5,000 hectares extending from 
Kawela Gulch on the west to Kamalō Gulch on the east, and from 
sea level to 1,365 meters in elevation at the highest point on the 
ridge above Pelekunu Valley to the north (fig. 1). The study area 
includes several Hawaiian land divisions (ahupua‘a) including 
Kawela, Kamalō, Mākolelau, Kapuaoko‘olau, and Keonekū‘ino. 
These watersheds are carved into basaltic lavas erupted between 
1.75 and 1.31 million years ago, and include cinder and spatter 
cones at upper elevations (Sherrod and others, 2007).

Vegetation Response of a Dry Shrubland Community to Feral 
Goat Management on the Island of Moloka‘i, Hawai‘i
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The research site is located on the leeward side of the island, 
protected from the prevailing northeast trade winds, which persist 
for more than 75 percent of the year (Giambelluca and others, 
2012). The lower two-thirds of the study area is a relatively dry 
habitat, while the upper third is either mesic (moist) or wet native 
forest or shrubland. Annual rainfall ranges from 305 millimeters at 
the coast to as much as 3,400 millimeters at the Pelekunu Valley 
ridgeline (Giambelluca and others, 2012). This side of the island 
of Moloka‘i is driest during the summer months, with less than 
5 millimeters of rainfall per month falling at the coast from June 
to September (Giambelluca and others, 2012). Price and others 
(2012) mapped seven moisture zones on this slope with the driest 
habitats (arid and very dry) at lower elevations and wet habitats 
(moderately wet and very wet) at the upper elevations of the study 
area (fig. 2).

Soils are poorly developed in the lower elevation dry 
habitat zone, occurring as patches between rocky outcrops. This 
patchiness may be original, but it may also reflect increased 
erosion owing to reduced vegetation cover after decades of 
wildfire and extensive grazing by cattle and goats in this area. 
Most of the soils here were mapped as “very stony land” or 
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Figure 1.  Overview map of the U.S. Geological Survey Ridge-to-Reef (R2R) study area on the island of Moloka‘i, Hawai‘i.

“rough mountainous land” by the Natural Resources Conservation 
Service. A few organic soils were mapped in wet areas above 
1,000 meters in elevation, and at the coast as clay-loam soils (U.S. 
Department of Agruculture, 2012).

Biological Setting
Price and others (2012) identified five vegetation zones 

on the leeward side of east Moloka‘i (fig. 3), which provide a 
framework for describing the various plant communities that 
are currently, or were previously, found there. A recent map by 
Jacobi and Ambagis (2013) describes the current distribution 
of the vegetation throughout the larger USGS-R2R study area 
(fig. 4). In the upper elevation wet and mesic habitats, the 
vegetation is dominated by the native tree ‘ōhi‘a (Metrosideros 
polymorpha) with a mixed native fern and shrub understory. 
Below this forest zone is a mesic native shrubland that contains 
elements of the upper wet forest, as well as plant species 
from the original dry shrub/grass communities that formerly 
prevailed downslope. The natural vegetation in the dry, lower 
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Figure 2.  Map of moisture 
zones for the U.S. Geological 
Survey Ridge-to-Reef (R2R) 
study area on the island of 
Moloka‘i, Hawai‘i. Data from 
Price and others (2012).

Figure 3.  Map of vegetation 
zones for the U.S. Geological 
Survey Ridge-to-Reef (R2R) 
study area on the island of 
Moloka‘i, Hawai‘i. Data from 
Price and others (2012).
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Figure 4.  Map of plant communities determined by Jacobi and Ambagis (2013) for the U.S. Geological Survey Ridge-to-Reef study area 
on the island of Moloka‘i, Hawai‘i.

two-thirds of the study area has been dramatically altered by 
nearly two centuries of impacts from introduced ungulates, 
invasive plant species, cattle ranching, widespread logging of 
sandalwood (‘iliahi) trees (Santalum spp.), and wildfire (Jacobi 
and Ambagis, 2013). These same factors have been responsible 
for degrading similar habitats throughout the Hawaiian Islands 
since human colonization (Cuddihy and Stone, 1990; Pratt 
and Jacobi, 2009). Jacobi and Ambagis (2013) speculated 
that the lowland mesic and dry habitats in the study area were 
previously covered with a highly diverse mix of native forest, 
woodland, and shrub communities. However, only remnants of 
these original vegetation types remain today, mainly as isolated 
pockets of forest or shrub stands in areas that are protected from 
feral ungulates. 

Field Site
We assessed the potential for vegetation recovery 

following goat control in two study plots (K1 and K2) 
located in a highly degraded and eroded site at 670 meters 
in elevation, just east of Kawela Gulch (715,380 meters E, 
2,333,900 meters N, UTM Zone 4, NAD 83 datum). We 
selected this site because it was representative of eroding 
barren areas that contribute fine sediment to the near-shore 
reef ecosystem during heavy rainfalls, and because it was 
accessible by a nearby dirt road. When the site was visited 
in December 2008 most of the ground was bare, with just 
a few scattered individuals of native and alien grasses and 
shrubs (fig. 5). Much of the vegetation had been removed by 
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!(
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K1
K2

Figure 5. Aerial image taken 
in December 2008 showing the 
landscape and approximate 
location of the two study plots 
(K1 and K2) established within 
the U.S. Geological Survey 
Ridge-to-Reef study area. 
Image copyright by Pictometry 
International.

browsing and grazing from feral goats, which were frequently 
observed there during the daytime. In addition to live 
sightings, goat presence was documented by an abundance of 
browse signs seen on the remaining shrubs and grasses, and by 
the presence of fresh goat droppings throughout the area. Only 
fragmented plant communities and scattered individual plants 
were seen there in December 2008 (fig. 6). The most abundant 

(but with very low cover) plant species seen there at that 
time were the native shrub ‘ilima (Sida fallax), and two alien 
annual grass species: Bromus rubens, and Festuca myuros. A 
detailed list of plant species recorded in this area throughout 
the project is provided in the appendix. The vegetation unit 
mapped at this site by Jacobi and Ambagis (2013) was “No 
vegetation or very sparse grasses/shrubs.” 

Figure 6. Photograph 
showing very sparse grass/
shrub plant community at the 
edge of the east fork of Kawela 
Gulch, Moloka‘i, Hawai‘i; viewed 
from plot K1, looking toward 
plot K2. Photograph taken in 
December 2009.
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Ungulate Populations and Goat Control Efforts in 
the Study Area

All terrestrial mammals except the Hawaiian hoary 
bat (Lasiurus cinereus semotus) have been brought to the 
Hawaiian Islands by humans (Tomich, 1986; Staples and 
Cowie, 2001; Ziegler, 2002). Early Polynesian settlers in 
Hawai‘i introduced domesticated pigs, which are thought to 
have been most abundant around human settlements (Tomich, 
1986; Staples and Cowie, 2001). Domestic pigs and goats 
were introduced by Captain James Cook in 1778, sheep in 
1791, and cattle arrived with Captain George Vancouver in 
1793 (Tomich, 1986). All of these species have been brought 
into Hawai‘i numerous times since then (Tomich, 1986; 
Maly and Wilcox, 2000), and many of these ungulate species 
are now widely distributed on most of the main Hawaiian 
Islands. Feral goats were well established on the island of 
Moloka‘i by the early 1800s and commercial cattle ranching 
was initiated there in 1853 (Carlson, 1952). Axis deer were 
brought to Hawai‘i in 1867 as a gift from the Hawaiian Consul 
in Hong Kong to King Kamehameha V. Seven deer were 
released initially on the island of Moloka‘i, then more were 
subsequently introduced on the island of Lāna‘i, and then to 
Maui in 1959 (Cooke, 1949; Tomich, 1986). Axis deer now 
range up into the rainforest habitats on Moloka‘i, but are most 
abundant in the coastal, dry habitats around this island. 

Much of the land that falls within the lower two-thirds of the 
study area was actively managed as a cattle ranch through the mid-
1900s (Kawela Plantation Homeowners’ Association, 2014). As 
cattle ranching ended, it is likely that goat populations increased. 
The area has also been used by the public for subsistence and sport 
hunting, but these activities declined after the coastal lands were 
developed into a residential subdivision by Kawela Plantations 
in the late 1970s (Kawela Plantation Homeowners’ Association, 

2014). In recent years, many of the landowners across most of 
the eastern portion of the island of Moloka‘i, including Kawela 
Plantation Homeowners Association (KPHA), joined the East 
Moloka‘i Watershed Partnership (EMoWP). This partnership has 
focused on active control of invasive plant and animal species, as 
well as greater wildfire prevention efforts, to stimulate recovery 
of the native plant communities, enhance rainfall infiltration 
into the aquifer, and reduce surface erosion and related impacts 
of sediment on the near-shore coral reef ecosystem (Hawai‘i 
Association of Watershed Partnerships, 2014).

In 2008, the EMoWP finished constructing an ungulate-
proof fence line across the upper part of the Kawela watershed 
on an elevation contour that runs along the lower extent of the 
native mesic shrubland and portions of the wet/mesic ‘ōhi‘a 
forest.  Despite some continued sport hunting in recent years, 
goats remained abundant throughout the area below the fence line, 
including the R2R plot area. Hawai‘i Division of Forestry and 
Wildlife and EMoWP staff began hunting goats, both from the 
ground and the air, in 2009 (E. Misaki, The Nature Conservancy 
of Hawai‘i, oral commun., 2008). To monitor the effectiveness of 
this control effort, the EMoWP also conducted annual airborne 
counts of goats and other animals. With the initiation of more 
intense hunting in June 2009, and particularly with increased 
use of aerial shooting, goat populations were reduced from more 
than 800 animals observed in 2009 to approximately 200 animals 
observed at the end of 2012 (fig. 7). Aerial counts of goats were 
not conducted in this area after September 2012, since all the 
animals seen each time from the air, or on subsequent ground 
hunts, were shot and killed. Even with intensified hunting, goats 
were still occasionally seen across most of the study area through 
2014 as there were no significant barriers (in other words, fences 
or inaccessible topography) to prevent their ingress from adjacent 
lands outside the animal control zone (E. Misaki, The Nature 
Conservancy of Hawai‘i, oral commun, 2014).

fig7
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Figure 7.  Graph showing 
number of goats observed 
during aerial surveys 
conducted in 2009–12. 
Data provided by E. Misaki, 
The Nature Conservancy 
of Hawai‘i, oral commun., 
2014.
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Methods
This study was designed to assess the response of vegetation 

in two adjacent research plots after animal control measures were 
conducted across the landscape. Although the focus of this report 
is evaluating vegetation change in these two plots over time, 
concurrent studies were conducted in these sites to determine the 
relation between vegetation cover and the genesis, transport, and 
delivery of fine sediments from this site downslope to the larger 
Kawela Gulch drainage and into the near-shore coral reef (Stock 
and others, 2011). 

Two study plots (K1 and K2) were established in small 
adjacent watershed-catchment cells mantled by thick soils formed 
from volcanic air-fall (fig. 5). Both plots were initially found to 
be mostly barren rocky ground with very little plant cover. Each 
plot is roughly 0.25 hectares in size, and located at approximately 
670 meters in elevation above sea level (U.S. Geological Survey, 
2014). One site (plot K2) was arbitrarily selected to be enclosed 
by an ungulate-proof fence while the other one (plot K1) had 

unrestricted access for goats. The fence was constructed around 
the K2 plot in December 2008.

Vegetation Sampling
We conducted vegetation monitoring using standard 

methods described by Elzinga and others (2001) and Mueller-
Dombois and Ellenberg (2002). Sampling points were located 
every 20 centimeters along transects that ran nearly parallel 
to the elevation contours in each plot (fig. 8). To establish 
the transects, a meter tape was stretched from the upslope to 
downslope ends of the fenced K2 exclosure (total distance of 
95 meters). This tape served as a baseline for locating multiple 
transects running along contour lines across the catchment. We 
chose a random number, between 1 and 95, to determine the 
starting point for the first transect across the baseline. From 
that point, nine transects were systematically established at 
10 meter intervals both above and below the initial starting 
point to the top and bottom extents of the fence, and following 

Figure 8.  Map of the fenceline around plot K2 and transects used to sample the vegetation in plots K1 and K2 in the U.S. Geological Survey Ridge-
to-Reef (R2R) study area on the island of Moloka‘i. Image copyright 2009 by Pictometry International.
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a compass bearing of 140° true north (129° magnetic north) 
across the exclosure. Transect length in plot K2 varies with 
fence-to-fence width. In this plot, each transect ran from the 
west side of the fence to the east side and ranged in length 
from less than 8 meters (transect 1) to 35 meters (transect 6). 
We used the same process to establish eight transects in K1, 
with all transects of equal length (30 meters) in the absence 
of a fence boundary. Transect 1 in the fenced K2 plot was just 
7.6 meters long and mostly ran across bare rock with little 
chance for plant recovery within the short time span of this 
study; therefore, data from this transect was not included in the 
current analysis. All other transects in both plots ran through 
substrates that ranged from fine sand or silt to broken rock 
stones and boulders.

We recorded plant species frequency using the pole-
intercept sampling method, which is a variation of the 
point-intercept technique described by Mueller-Dombois 
and Ellenberg (2002). The frequency values for each species 
provide an estimate of cover for the sampled area (Elzinga 
and others, 2001). We stretched a meter tape from the start 
to end points on each transect. Next, we placed an aluminum 
pole, approximately 0.5 centimeter in diameter and 2 meters 
tall, vertically at 20 centimeter intervals along the transect 
tape, starting at 10 centimeters. A data point was recorded for 
any plant part that touched the pole at that spot. Dead plant 
material that touched the pole was only recorded as a species 
if it was connected to a living plant. Multiple species could 

be recorded at any sampling point, but a species was only 
recorded once even if it touched the pole multiple times at 
that point. We recorded the value “BARE” if no plant species 
touched the pole at a sample point. Comments were also 
recorded on the datasheet to describe goat sign (for example, 
browsing evidence or droppings), or to make note of any 
additional plant species adjacent to the transect that were not 
recorded at the sampling points. 

For each sampling period, we collected between 1,120 
and 1,200 pole-intercept points within each of the plots (table 
1). Slight differences in the number of sample points per 
date within the K2 plot (inside the fence) were caused by 
slightly different tension on the tape when it was stretched 
from the west to the east fence on each transect. Additionally, 
at a few points in both plots we recorded “NO DATA” when 
the placement of the sampling pole at a specified spot along 
the transect fell on top of some of the erosion monitoring 
instruments or related infrastructure; the data from these 
sampling points were not included in the analysis.

We sampled the vegetation in both plots (K1 and K2) 
annually from April 2009 through April 2014, supplemented 
by collections in early December 2009 and December 2012. 
The April sampling time captures an expected vegetation 
density peak at the end of the wet season, and the early 
December sampling captures these plant communities at the 
end of the dry summer when plant species presence and cover 
might be minimized (fig. 9). In addition to pole-intercept 

Table 1.  Number of points sampled and total cover for vegetation of any species and bare ground in plots K1 and K2 during the April and December 
sampling periods.

Date Site Points sampled Vegetated (in percent) Bare (in percent)
April 2009 K1 - Unfenced 1,199 22.9 77.1

K2 - Fenced 1,130 27.6 72.4
April 2010 K1 - Unfenced 1,195 19.2 80.8

K2 - Fenced 1,130 24.9 75.1
April 2011 K1 - Unfenced 1,196 53.6 46.4

K2 - Fenced 1,124 51.1 48.9
April 2012 K1 - Unfenced 1,194 36.7 63.3

K2 - Fenced 1,131 26.1 73.9
April 2013 K1 - Unfenced 1,192 71.1 28.9

K2 - Fenced 1,129 57.0 43.0
April 2014 K1 - Unfenced 1,195 76.8 23.2

K2 - Fenced 1,130 54.5 45.5
December 2008 K1 - Not sampled  

K2 - Fenced 1,142 0.7 99.3
December 2009 K1 - Unfenced 1,198 0.9 99.1

K2 - Fenced 1,120 4.9 95.1
December 2012 K1 - Unfenced 1,200 15.8 84.2

K2 - Fenced 1,131 13.5 86.5
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Figure 9.  Graph of mean annual rainfall for the period 1978–2007 at the U.S. Geological Survey Ridge-
to-Reef (R2R) monitoring site on the island of Moloka‘i. Rainfall data from Giambelluca and others (2012).

data, we compiled a complete list of vascular plant species 
found in each of the plots and adjacent areas at each sampling 
(appendix).

Photo-Point Sampling
To capture a more synoptic view of changes in the plant 

community over time, we established photo points at the ends 
of each transect and at the upslope side the exclosure which 
we photographed during each sampling visit (fig. 10). We also 
used a digital panorama image taken from the east side of the 
fenced exclosure encompassing both the fenced and unfenced 
areas, looking upslope along the fence between transects 7 
and 8, to visually show changes in the vegetation inside and 
outside the fence at each sampling time (fig. 11). Although 
these images were not used in the quantitative analyses of 
vegetation change, they provide additional documentation of 
changes in the vegetation from 2009 to 2014.

Data Analysis
We hypothesized that feral goat presence or absence in each 

plot would influence the number of species, the total amount of 
vegetation cover, and the amount of cover for individual species 
for the two plots over time. We evaluated changes in species 
richness at both sites through time by summing the total number of 

plant species recorded for each plot during each sampling period. 
We used binary logistic regression (BLR) to assess the significance 
of differences in total vegetation cover and for cover of individual 
species over time and among the two plots. For these analyses, 
each species variable was coded as either 1 (present) or 0 (absent) 
for each sampled point. This method was used to analyze just 12 
of the species detected in the plots because the other species were 
recorded only very rarely (less than 3 percent maximum cover), 
and to evaluate change in total plant cover (all species combined 
versus bare ground). BLR was used to test for differences over 
time within a treatment group (in other words, for each of the two 
plots, K1 [unfenced] and K2 [fenced]), as well as within the two 
treatment types, with comparisons made between the April 2009 
and April 2014 sampling periods (at the end of the wet season), 
and between the December 2009 and December 2012 sampling 
periods (at the end of the dry season). 

Results

Total Vegetation Change Over Time
The fence surrounding plot K2 has protected the vegetation 

in this exclosure from goats since December 2008. Within 
the exclosure there has been a total lack of browsing or other 
related signs of goats since the time it was constructed. This site 
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Figure 10.  Photo-point series taken on transect 6 facing east in (A) plot K1 outside the fence, and on transect 6 facing east in (B) plot 
K2 inside the fence.

provides a reference condition for no goat impacts when making 
comparisons with vegetation change outside the fence, which was 
subject to continuing goat presence, although this area experienced 
different levels of browsing during the course of the study. Total 
vegetation cover for both plots through time is shown in table 
1 and figures 12 and 13. Initial vegetation cover at K1 and K2 
following the construction of the fence at K2 in December 2008, 
was less than 1 percent by visual inspection. At the end of the wet 
season in April 2009, there was slightly more vegetation inside the 
fence in K2 (27.6 percent cover) than outside in K1 (22.9 percent). 
This same pattern was seen in the April 2010 results with 24.9 
percent cover in K2 versus 19.2 percent outside the fence in K1. 
However, in 2011, the April sampling data showed a dramatic 

increase in vegetation to more than 50 percent cover in both plots, 
with the higher value outside the fence in plot K1 (53.6 percent), 
as compared to 51.1 percent inside the fence in K2. Although there 
was a reduced amount of total vegetation cover in both plots when 
they were sampled in April 2012 (K1 had 36.7 percent and K2 
had 26.1 percent), vegetation cover increased in 2013 and 2014, 
but again with the plot outside the fence showing much more total 
vegetation cover than inside (76.8 percent cover in K1 and 54.5 
percent in K2 for 2014), as shown in table 1 and figure 12. 

We found a seasonal difference in total vegetation cover 
throughout the monitoring period. When we sampled in December 
at the end of the dry season, vegetation cover was less than 5 
percent in both plots during 2009, but had increased to greater 
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Figure 11.  Upslope views of the U.S. Geological Survey Ridge-to-Reef (R2R) study site on the island of Moloka‘i in 2009, 2011, and 2014. Plot K2 
(inside fenced exclosure) on the left and plot K1 (outside the fence) on the right.

than 10 percent for both plots in 2012 (table 1; fig. 13). During 
the December 2012 sampling period, there was slightly more 
vegetation in K1 outside the fence than was found in K2 inside the 
fence, but still at much lower cover values than seen during the 
previous April sampling periods.

Changes in Species Richness
There was a large difference in the number of species 

found in each of the two plots when they were sampled. 
December sampling (2009 and 2012) yielded a maximum of 

4 species in the unfenced K1 plot and 10 species in the fenced 
K2 plot (fig. 14). A similar plot difference was seen in the 
results from the April sampling periods (fig. 15). For the April 
sampling period, which is at the end of the wet season when 
more plant species— including annuals—would be expected 
to be found, there were generally more species found within 
the fenced plot than outside the fence. However, this was not 
as strong of a difference as seen in December, and in one year 
(2013), slightly more species were found in April outside the 
fence in plot K1. 

In the pooled December sampling periods, 7 plant species 
were recorded in plot K1 and 13 species in plot K2 (table 2). 
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Figure 12.  Graph of total vegetation cover for plot K1 (outside the fence) and K2 (inside the 
fence) during the April sampling periods from 2009 to 2014.
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Figure 13.  Graph of total vegetation cover for plot K1 (outside the fence) and K2 (inside the 
fence) during the December sampling periods in 2009 and 2012.
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Figure 14.  Graph showing the number of plant species recorded within plots K1 and K2 in the 
U.S. Geological Survey Ridge-to-Reef Moloka‘i study area during the December sampling periods.

Figure 15.  Graph showing the number of plant species recorded within plots K1 and K2 in the U.S. Geological 
Survey Ridge-to-Reef Moloka‘i study area during the April sampling periods.
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Species 
code

December 2009 December 2012
Site K1 Site K2 Site K1 Site K2

Species only found in K1
CenEch 0.0 0.0 0.1 0.0
CynDac 0.0 0.0 0.7 0.0
LanCam 0.0 0.0 0.2 0.0

Species only found in K2
AgeAde 0.0 0.0 0.0 0.1
AscPhy 0.0 0.0 0.0 0.1
BidPil 0.0 0.1 0.0 0.0
CheOah 0.0 0.0 0.0 3.5
GreRob 0.0 0.0 0.0 0.5
MelRep 0.0 0.1 0.0 3.0
PhyOct 0.0 0.1 0.0 0.0

Species found in both K1 and K2
AmaSpi 0.1 1.3 0.0 0.2
DysCar 0.2 0.2 0.0 0.0
EupHir 0.1 0.7 0.0 0.4
SidFal 0.0 1.6 15.3 3.5
SolLin 0.0 0.1 0.0 0.4
TriPro 0.0 0.4 0.0 2.5

[CenEch, Cenchrus echinatus; CynDac, Cynodon dactylon; LanCam, Lantana 
camara; AgeAde, Ageratina adenophora; AscPhy, Asclepias physocarpa; 
BidPil, Bidens pilosa; CheOah, Chenopodium oahuense; GreRob, Grevillea 
robusta; MelRep, Melinis repens; PhyOct, Phytolacca octandra; AmaSpi, 
Amaranthus spinosus; DysCar, Dysphania carinata; EupHir, Euphorbia hirta; 
SidFal, Sida fallax; SolLin, Solanum linnaeanum; TriPro, Tridax procumbens]

Table 2.  Percent cover for species recorded in plots K1 and K2 during the 
December sampling periods. Species highlighted in grey had cover values 
greater than 3 percent for at least one sampling period.

Three species were only found in plot K1, seven species were 
only found inside the fenced plot K2, and another six species 
were found in both K1 and K2. For the pooled April sampling 
periods, a total of 20 species were recorded in plot K1 and 32 
species in the fenced plot K2. Three of these plants were only 
found in plot K1, 15 species were found only in plot K2, and 
17 species were recorded in both plots at least one time during 
the surveys (tables 3, 4). 

Differences in Cover for Individual Species
Thirty-five plant species were recorded at least once during 

the sampling of the two plots (tables 5, 6; appendix). Seven 
species were native (4 endemic and 3 indigenous), and 28 were 
alien species. The appendix lists 11 more species that were found 
in the two plots but not recorded along the sampling transects. 
Most plant species had low vegetation cover and only 11 species 
had greater than 3 percent cover (table 5). The other species were 

found only occasionally in one or both of the plots, or found just 
one or two times over the total sampling period. We recorded all 
35 species that appeared one or more times during the wetter April 
sampling period, but a maximum of only 16 species were present 
during the drier season in December. Species absent in December 
were mostly annual grasses and herbs, which did not survive to the 
end of the dry season.

Chenopodium oahuense (CheOah) (fig. 16), a native 
shrub, was only found during the sampling along transects 
in plot K2 within the fence; it was absent in April 2009 and 
2010 but comprised more than 2 percent cover after April 
2012 (table 5). This shrub species persisted at a higher cover 
level even after the end of the dry season in 2012, when it 
was recorded at 3.5 percent. Although a few individuals of 
Chenopodium oahuense were found outside the fence after 
2012, all of them were young seedlings or small saplings 
that had been browsed, presumably by goats. None of these 
individuals were recorded along the transects at any time 
in plot K1 outside the fence. Melinis repens (MelRep), an 
alien grass species, and the alien herb, Tridax procumbens 
(TriPro), were found mainly in plot K2 and increased in cover 
in this protected area over time (table 5). Melinis showed an 
increase in cover from less than 1 percent in April 2009 to 
more than 18 percent in 2014 (fig. 17). Tridax went from less 
than 1 percent cover in April 2009 to more than 3 percent in 
April 2013 (fig. 18), with a similar change in cover during the 
December sampling.

The greatest changes were seen for the native grass 
Panicum fauriei var. fauriei (PanFau) (fig. 19), and the 
widespread native shrub Sida fallax (SidFal) (fig. 20), with 
both species having less than 1 percent cover in April 2009, 
but increasing substantially in both plots through the April 
2014 sampling period (figs. 21, 22; table 5). Although Sida 
showed a similar increase in both plots from December 
2009 until December 2012, the annual native grass Panicum 
was absent from both plots during each of the December 
sampling dates. A different pattern was seen with the annual 
alien grasses Festuca myuros (FesMyu) and Bromus rubens 
(BroRub). Although both species were found in each of the 
plots, they were consistently more abundant in the unfenced 
K1 plot where there was continued goat browsing, particularly 
after 2009 (fig. 23; table 5). Another annual herb, Dysphania 
carinata (DysCar), was originally found with relatively high 
cover along the transects inside (15.9 percent) and outside  
(7.6 percent) the fence in 2009, but its cover decreased sharply 
after 2010 to the point that it was not recorded in either plot 
during the April 2014 sampling (fig. 24; table 5). D. carinata 
was very rare during the December 2009 sampling and 
absent in December 2012, and the annual grasses Festuca 
and Bromus were totally absent during the two December 
sampling periods. The remaining species in table 5 were quite 
rare and did not show any clear spatial or temporal patterns in 
their recorded cover.

The binary logistic regression (BLR) analysis results 
showed that the interval term was highly significant for all 
species that could be modeled (table 7). The interval variable 
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Species 
code

April 2009 April 2010 April 2011 April 2012 April 2013 April 2014
Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2

Species only found in K1
BoeCoc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.0
LanCam 0.0 0.0 0.1 0.0 0.3 0.0 0.3 0.0 0.2 0.0 0.4 0.0
MyoSan 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0

Species only found in K2
AgeAde 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.0
ArgGla 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
AscPhy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0
CenEch 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
CheOah 0.0 0.0 0.0 0.0 0.0 1.6 0.0 3.8 0.0 2.6 0.0 2.3
DodVis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
DorDec 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
GalPar 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.1
GreRob 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0 0.5 0.0 0.4
LepDub 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
MelMin 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3
PhyOct 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PitAus 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
SenSyl 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
SilGal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

Table 3.  Percent cover for species recorded only in plot K1 or K2 during the April sampling periods. Species highlighted in grey had cover values 
greater than 3 percent for at least one sampling period.
[BoeCoc, Boerhavia coccinea; LanCam, Lantana camara; MyoSan, Myoporum sandwicense; AgeAde, Ageratina adenophora; ArgGla, Argemone glauca var. 
glauca; AscPhy, Asclepias physocarpa; CenEch, Cenchrus echinatus; CheOah, Chenopodium oahuense; DodVis, Dodonaea viscosa; DorDec, Doryopteris 
decipiens;  GalPar, Galinsoga parviflora; GreRob, Grevillea robusta; LepDub, Leptochloa dubia; MelMin, Melinis minutiflora; PhyOct, Phytolacca octandra; 
PitAus, Pityrogramma austroamericana; SenSyl, Senecio sylvaticus; SilGal, Silene gallica]

Species 
code

April 2009 April 2010 April 2011 April 2012 April 2013 April 2014
Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2

AmaSpi 1.2 4.2 0.4 3.4 1.7 4.6 0.3 1.1 0.3 2.2 0.8 0.4
AnaArv 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3
BidPil 1.1 3.6 0.7 1.6 2.3 4.0 0.3 0.4 0.8 0.5 8.4 1.5
BroRub 1.3 2.0 3.7 6.4 8.4 7.3 1.8 0.6 6.8 1.5 3.2 0.5
ConBon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
CynDac 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.3 0.0 0.8 0.2
DauPus 0.3 0.0 0.7 0.0 0.9 0.1 0.1 0.0 0.3 0.0 0.1 0.0
DysCar 15.9 7.6 11.6 2.0 5.7 0.0 0.2 0.0 1.3 0.6 0.0 0.0
EupHir 0.0 0.0 0.2 0.8 0.3 0.5 0.4 0.8 0.2 0.1 3.3 1.1
FesMyu 4.6 4.2 2.7 3.9 23.0 17.7 0.8 1.1 11.8 5.8 44.4 14.5
HypRad 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
MelRep 0.0 0.2 0.0 0.4 0.0 0.8 0.0 4.1 0.1 7.4 1.3 18.4
PanFau 0.5 8.2 1.2 5.9 25.7 23.1 28.6 9.5 56.6 41.7 20.4 13.6
PorOle 0.1 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SidFal 0.1 0.4 0.1 2.8 1.7 5.0 8.0 5.6 18.8 7.8 29.6 15.0
SolLin 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.4 0.0 0.0 0.2 0.0

TriPro 0.0 0.4 0.0 0.8 0.0 1.0 0.0 1.9 0.1 3.1 0.4 1.8

Table 4.  Percent cover for species recorded in both plot K1 and K2 during the April sampling periods. Species highlighted in grey had cover values 
greater than 3 percent for at least one sampling period.
[AmaSpi, Amaranthus spinosus; AnaArv, Anagallis arvensis; BidPil, Bidens pilosa; BroRub, Bromus rubens; ConBon, Conyza bonariensis; CynDac, Cynodon 
dactylon; DauPus, Daucus pusillus; DysCar, Dysphania carinata; EupHir, Euphorbia hirta; FesMyu, Festuca myuros; HypRad, Hypochoeris radicata; MelRep, 
Melinis repens; PanFau, Panicum fauriei var. fauriei; PorOle, Portulaca oleracea; SidFal, Sida fallax; SolLin, Solanum linnaeanum; TriPro, Tridax procumbens]
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Species code
April 2009 April 2010 April 2011 April 2012 April 2013 April 2014

Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2 Site K1 Site K2
AgeAde 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.0
AmaSpi 1.2 4.2 0.4 3.4 1.7 4.6 0.3 1.1 0.3 2.2 0.8 0.4
AnaArv 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.3
ArgGla 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
AscPhy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0
BidPil 1.1 3.6 0.7 1.6 2.3 4.0 0.3 0.4 0.8 0.5 8.4 1.5
BoeCoc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.0
BroRub 1.3 2.0 3.7 6.4 8.4 7.3 1.8 0.6 6.8 1.5 3.2 0.5
CenEch 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
CheOah 0.0 0.0 0.0 0.0 0.0 1.6 0.0 3.8 0.0 2.6 0.0 2.3
ConBon 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1
CynDac 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.3 0.0 0.8 0.2
DauPus 0.3 0.0 0.7 0.0 0.9 0.1 0.1 0.0 0.3 0.0 0.1 0.0
DodVis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
DorDec 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DysCar 15.9 7.6 11.6 2.0 5.7 0.0 0.2 0.0 1.3 0.6 0.0 0.0
EupHir 0.0 0.0 0.2 0.8 0.3 0.5 0.4 0.8 0.2 0.1 3.3 1.1
FesMyu 4.6 4.2 2.7 3.9 23.0 17.7 0.8 1.1 11.8 5.8 44.4 14.5
GalPar 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.1
GreRob 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.1 0.0 0.5 0.0 0.4
HypRad 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
LanCam 0.0 0.0 0.1 0.0 0.3 0.0 0.3 0.0 0.2 0.0 0.4 0.0
LepDub 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
MelMin 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3
MelRep 0.0 0.2 0.0 0.4 0.0 0.8 0.0 4.1 0.1 7.4 1.3 18.4
MyoSan 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
PanFau 0.5 8.2 1.2 5.9 25.7 23.1 28.6 9.5 56.6 41.7 20.4 13.6
PhyOct 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PitAus 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
PorOle 0.1 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SenSyl 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
SidFal 0.1 0.4 0.1 2.8 1.7 5.0 8.0 5.6 18.8 7.8 29.6 15.0
SilGal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
SolLin 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.4 0.0 0.0 0.2 0.0
TriPro 0.0 0.4 0.0 0.8 0.0 1.0 0.0 1.9 0.1 3.1 0.4 1.8

[AgeAde, Ageratina adenophora; AmaSpi, Amaranthus spinosus; AnaArv, Anagallis arvensis; ArgGla, Argemone glauca var. glauca; AscPhy, Asclepias 
physocarpa; BidPil, Bidens pilosa; BoeCoc, Boerhavia coccinea; BroRub, Bromus rubens; CenEch, Cenchrus echinatus; CheOah, Chenopodium oahuense; 
ConBon, Conyza bonariensis; CynDac, Cynodon dactylon; DauPus, Daucus pusillus; DodVis, Dodonaea viscosa; DorDec, Doryopteris decipiens; DysCar, 
Dysphania carinata; EupHir, Euphorbia hirta; FesMyu, Festuca myuros; GalPar, Galinsoga parviflora; GreRob, Grevillea robusta; hypRad, Hypochoeris 
radicata; LanCam, Lantana camara; LepDub, Leptochloa dubia; MelMin, Melinis minutiflora; MelRep, Melinis repens; MyoSan, Myoporum sandwicense; 
PanFau, Panicum fauriei var. fauriei; PhyOct, Phytolacca octandra; PitAus, Pityrogramma austroamericana; PorOle, Portulaca oleracea; SenSyl, Senecio 
sylvaticus; SidFal, Sida fallax; SilGal, Silene gallica; SolLin, Solanum linnaeanum; TriPro, Tridax procumbens]

Table 5.  Percent cover for all species recorded in plots K1 and K2 for the April sampling periods. Species highlighted in grey had cover values 
greater than three percent in at least one of the sampling periods.
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Table 6.  Percent cover for all species recorded in plots K1 and K2 for the December sampling periods. Species highlighted in grey had cover values 
greater than three percent in at least one of the sampling periods.
[AgeAde, Ageratina adenophora; AmaSpi, Amaranthus spinosus; AnaArv, Anagallis arvensis; ArgGla, Argemone glauca var. glauca; AscPhy, Asclepias 
physocarpa; BidPil, Bidens pilosa; BoeCoc, Boerhavia coccinea; BroRub, Bromus rubens; CenEch, Cenchrus echinatus; CheOah, Chenopodium oahuense; 
ConBon, Conyza bonariensis; CynDac, Cynodon dactylon; DauPus, Daucus pusillus; DodVis, Dodonaea viscosa; DorDec, Doryopteris decipiens; DysCar, 
Dysphania carinata; EupHir, Euphorbia hirta; FesMyu, Festuca myuros; GalPar, Galinsoga parviflora; GreRob, Grevillea robusta; hypRad, Hypochoeris 
radicata; LanCam, Lantana camara; LepDub, Leptochloa dubia; MelMin, Melinis minutiflora; MelRep, Melinis repens; MyoSan, Myoporum sandwicense; 
PanFau, Panicum fauriei var. fauriei; PhyOct, Phytolacca octandra; PitAus, Pityrogramma austroamericana; PorOle, Portulaca oleracea; SenSyl, Senecio 
sylvaticus; SidFal, Sida fallax; SilGal, Silene gallica; SolLin, Solanum linnaeanum; TriPro, Tridax procumbens]

Species 
code

December 2009 December 2012
Site K1 Site K2 Site K1 Site K2

AgeAde 0.0 0.0 0.0 0.1
AmaSpi 0.1 1.3 0.0 0.2
AnaArv 0.0 0.0 0.0 0.0
ArgGla 0.0 0.0 0.0 0.0
AscPhy 0.0 0.0 0.0 0.1
BidPil 0.0 0.1 0.0 0.0
BoeCoc 0.0 0.0 0.0 0.0
BroRub 0.0 0.0 0.0 0.0
CenEch 0.0 0.0 0.1 0.0
CheOah 0.0 0.0 0.0 3.5
ConBon 0.0 0.0 0.0 0.0
CynDac 0.0 0.0 0.7 0.0
DauPus 0.0 0.0 0.0 0.0
DodVis 0.0 0.0 0.0 0.0
DorDec 0.0 0.0 0.0 0.0
DysCar 0.2 0.2 0.0 0.0
EupHir 0.1 0.7 0.0 0.4
FesMyu 0.0 0.0 0.0 0.0

Table 7.  Summary of the results from binary logistic regression analysis for plant species that could be analyzed 
and modeled.

Model P-value Coefficient P-value Coefficient
Interval (April 2009–2014) Interaction (interval*plot)

Any plant 0.000 2.410 0.000 -1.265
BidPil 0.000 1.120 0.000 -3.022
BroRub 0.001 0.953 0.000 -2.312
FesMyu 0.000 2.811 0.000 -1.469
PanFau 0.000 3.932 0.000 -3.367

Interval (December 2009–2012) Interaction (interval*plot)
Any plant 0.000 3.011 0.000 -1.902

Species 
code

December 2009 December 2012
Site K1 Site K2 Site K1 Site K2

GalPar 0.0 0.0 0.0 0.0
GreRob 0.0 0.0 0.0 0.5
HypRad 0.0 0.0 0.0 0.0
LanCam 0.0 0.0 0.2 0.0
LepDub 0.0 0.0 0.0 0.0
MelMin 0.0 0.0 0.0 0.0
MelRep 0.0 0.1 0.0 3.0
MyoSan 0.0 0.0 0.0 0.0
PanFau 0.0 0.0 0.0 0.0
PhyOct 0.0 0.1 0.0 0.0
PitAus 0.0 0.0 0.0 0.0
PorOle 0.0 0.0 0.0 0.0
SenSyl 0.0 0.0 0.0 0.0
SidFal 0.0 1.6 15.3 3.5
SilGal 0.0 0.0 0.0 0.0
SolLin 0.0 0.1 0.0 0.4
TriPro 0.0 0.4 0.0 2.5

[BidPil, Bidens pilosa; BroRub, Bromus rubens; FesMyu, Festuca myuros; PanFau, Panicum fauriei var. fauriei]
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Figure 16.  Photograph 
showing the native shrub 
Chenopodium oahuense 
growing inside the fenced area 
in plot K2.

Figure 17.  Graph showing percent cover of Melinis repens for the April sampling periods within plots K1 and 
K2 in the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.
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Figure 18.  Graph showing percent cover of Tridax procumbens for the April sampling periods within plots 
K1 and K2 in the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.

Figure 19.  Photograph showing the native annual grass Panicum fauriei var. fauriei growing in plot K2 in the U.S. 
Geological Survey Ridge-to-Reef Moloka‘i study area.



20    Vegetation Response of a Dry Shrubland Community to Feral Goat Management on the Island of Moloka‘i, Hawai‘i

Figure 20.  Photograph 
showing the native shrub 
Sida fallax growing in plot 
K2 in the U.S. Geological 
Survey Ridge-to-Reef 
Moloka‘i study area.
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Figure 21.  Graph showing percent cover of Panicum fauriei var. fauriei for the April sampling periods within plots K1 
and K2 in the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.
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Figure 22.  Graph showing percent cover of Sida fallax for the April sampling periods within plots K1 and K2 in 
the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.
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Figure 23.  Graph showing percent cover of Festuca myuros for the April sampling periods within plots K1 and 
K2 in the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.
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in the regression model represents the response of a plant 
species to animal control overall, and the interaction term 
represents the fence effect (in other words, inside or outside 
the fence) on vegetation response to animal control in both 
sites. Because the interaction term in the model was also 
significant in all the BLR analyses, we are cautious with 
interpreting the ecological significance of the main effects 
term, representing animal control. Although each of the 
species analyzed with BLR appears to increase in cover over 
time, the negative sign for the interaction coefficient suggests 
that the relative increase in cover was less in the fenced plot.

Discussion

Vegetation Cover Change Relative to Goat 
Population Levels

The removal of goats from inside the fenced area and 
reduction of their numbers outside the fence appears to have led 
to a significant increase in overall vegetation cover from 2009 to 
2014 in both areas (figs. 10, 11, 25, and 26). From April 2009 until 
April 2010, total vegetation cover remained relatively constant at 
around 20 percent, both inside and outside the fence. However, 
during this period there was slightly more plant cover inside the 
fence at K2 than outside. Starting in April 2011, both areas showed 
a large increase in total cover for both plots, but with even more 

Figure 24.  Graph showing percent cover of Dysphania carinata for the April sampling periods within plots K1 
and K2 in the U.S. Geological Survey Ridge-to-Reef Moloka‘i study area.
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vegetation found outside the fence, which still had some goats, 
than inside the fence without any goat presence (table 5). When 
viewed from this perspective it appears that the reduction, but not 
elimination, of goats in this area outside the fence was adequate 
for regeneration of the vegetation from approximately 20 percent 
cover in 2009 to more than 60 percent cover in 2014. Two native 
species, the shrub Sida fallax and the annual grass Panicum fauriei 
var. fauriei, comprised the bulk of the vegetation recorded in both 
plots. The increase in above-ground vegetation cover for these 
species and their associated below-ground roots has potential 
for reducing erosion of sediment at the site. However, since 
Panicum fauriei var. fauriei is an annual grass species, it has no 
live vegetation during the dry season, which reduces its utility for 
erosion control during these months of the year. 

Species Cover Change Relative to Goat 
Population Levels

Plant species appear to have had different responses to goat 
presence and abundance in the two study plots (table 5). For 
example, Sida fallax was very rare (less than 1 percent) in both 
the K1 plot and the fenced K2 plot in April 2009. Cover for Sida 
consistently increased inside the fence until April 2014, when it 
was recorded at 15 percent. However, a similar but even larger 
increase was seen for Sida outside the fence in plot K1 starting in 
April 2011 after the goat population was reduced. Cover for Sida 
increased from less than 2 percent cover to nearly 30 percent in 
April 2014 after intensive goat control was initiated across the 
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Figure 25.  Aerial view 
of the U.S. Geological 
Survey Ridge-to-Reef 
(USGS-R2R) erosion 
study area in 2009 
showing the two plots, 
K1 and K2, and the 
fence line constructed 
around plot K2. Image 
copyright by Pictometry 
International.
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Figure 26.  Aerial view 
of the U.S. Geological 
Survey Ridge-to-Reef 
(USGS-R2R) erosion 
study area in 2015 
showing the two plots, 
K1 and K2, and the 
fence line constructed 
around plot K2. Image 
copyright by Pictometry 
International.
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landscape. The lower cover of Sida inside the fence may be partly 
a result of the increase in cover of other perennial species that 
also became established in plot K2, particularly Chenopodium 
oahuense and Melinis repens. Chenopodium oahuense was totally 
absent from plot K1 and Melinis repens was only found in K1 
with very low cover, likely a result of continued browsing from 
goats. Panicum fauriei var. fauriei also showed an increase in 
cover inside the fence after it was constructed in December 2008, 
and then outside the fence starting in April 2011. Sida was very 
rare and Panicum was absent in the area when the fence was first 
established in December 2008, a time that goat populations were 
essentially uncontrolled and in high abundance across this entire 
landscape. The fence appears to have provided initial protection 
for both species, as they increased in cover only in plot K2 in April 
2009 and 2010. However, with the initiation of the widespread 
goat control efforts by the EMoWP starting in 2010, both species 
appear to have been released from the impacts of goat browsing—
to the point that they could become established—and show a large 
increase in cover both inside and outside the fence. Panicum and 
Sida comprised the clear majority of the vegetation in both plots 
when they were sampled in April, and their combined abundance 
explains most of the overall vegetation changes documented 
during the wet season at these sites between 2009 and 2014. The 
main difference is that Panicum fauriei var. fauriei is an annual 
plant and was only found alive during the wetter winter months. 
The absence or very low cover of both species can be used as 
an indicator of high levels of goat browsing, as indicated by the 
differences in recorded cover in 2009–10 inside the fence, where 
they were completely protected from goats, versus outside the 
fence, when goats were still abundant.

In contrast, several plant species found in the study area 
appear to be quite sensitive to even low levels of goat browsing, 
and may be useful as bioindicators of goat presence in habitats 
similar to this study area. Chenopodium oahuense was not found 
established anywhere outside the fence during the study period, 
even though the goat populations in this region had been greatly 
reduced from 2010 to 2014. Although a few small C. oahuense 
seedlings were occasionally seen outside the fence in 2013 and 
2014, none of these individuals persisted to the next sampling 
period, all of them showed signs of heavy browsing by goats, and 
this species was not recorded at any of the sampling points along 
the transects in plot K1. The presence of Chenopodium oahuense 
may be useful as an indicator of the absence, or extremely low 
population levels, of goats in this habitat. A similar distribution 
and abundance pattern was shown by the non-native plants Tridax 
procumbens and Melinis repens, with both species showing an 
increase in cover inside the fence in K2 from April 2009 until 
April 2014. However, unlike C. oahuense, these two species were 
also recorded outside the fence in K1, but at very low cover in 
2013 and 2014. The rest of the plant species recorded within the 
study plots were rare and with very low cover values, and did not 
show any discernable patterns in abundance or distribution besides 
changes owing to seasonal effects. 

Although some of the patterns seen with the overall 
vegetation and selected species cover appear to relate to 
seasonal rainfall changes as well as changes in goat browsing 

pressure, the vegetation composition and population dynamics 
seen in this study represent just the initial stages of secondary 
succession relative to different levels of human-related impacts 
at the two plots. As noted previously, the vegetation in the 
middle and lower portions of the larger USGS-R2R study area 
has been heavily altered from its original state, particularly 
resulting from the combined impacts of grazing, browsing, 
logging, and wildfire. Price and others (2012) identified 
this mid-elevation area as the upper part of the lowland dry 
vegetation zone, just adjacent to the lowland mesic zone. The 
modeled historical ranges for several dominant native tree 
and shrub species, including lama (Diospyros sandwicensis), 
‘iliahi (Santalum spp.), hala pepe (Chrysodracon [Pleomele] 
auwahiensis), ‘aweoweo (Chenopodium oahuense), ‘a‘ali‘i 
(Dodonaea viscosa), extend into this area; all of these species 
are still found in small protected remnant sites within the study 
area (Price and others, 2012). This suggests that the open shrub 
and grass dominated community currently found on the site is 
an early successional stage that could eventually develop into 
a more structured native plant community that includes distinct 
tree, shrub, and grass/herb components if adverse factors such 
as ungulates, weeds, and wildfire, were controlled. However, 
given the degree of damage to this community by grazing and 
wildfire, and the subsequent invasion of this habitat by several 
highly invasive non-native species, the ultimate community 
structure and composition will likely be very different from 
the native-dominated one that existed here under pre-human 
conditions. 

Although the vegetation found in both study plots is now 
largely dominated by native species (Sida fallax and Panicum 
fauriei var. fauriei), there are a number of highly invasive alien 
plant species in the plots, or in the adjacent area, that could 
increase in cover and dominate plant community succession 
here. These include the two Melinis grass species (M. repens 
and M. minutiflora), as well as the alien shrub Lantana camara, 
and the tree Grevillia robusta. If the vegetation continues 
to recover with reduced goat populations in this area, the 
distribution and abundance of these invasive plant species 
should be monitored carefully to determine if additional weed 
control actions are needed.

Linking Vegetation Monitoring to Management
The loss of the original native vegetation in this study area 

owing to more than a century of heavy ungulate browsing has 
likely been one of the major factors leading to excessive local 
erosion, which affects the downslope coral reef ecosystems. The 
results of vegetation monitoring at this site between 2009 and 2014 
under the different levels of goat browsing—complete elimination 
from within the fenced area and partial population control outside 
the fence—can be combined with detailed measurements of 
rainfall, soil moisture, surface water flow, and sediment transport 
that have been simultaneously monitored at these two plots. This 
information, augmented with continued long-term monitoring, can 
be used to develop a model to estimate the amount of sediment 
deposition into the downslope coral reef ecosystem under different 
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management conditions. This tool would allow land managers to 
test different management scenarios for this area, including various 
levels of animal control, revegetation, or wildfire suppression, 
within a set of realistic environmental conditions that incorporate 
rainfall seasonality, duration, and variability. Hopefully, this 
information will provide an objective basis for developing and 
refining management strategies for upslope habitats, which can 
reduce the impacts of sediment on the near-shore reef ecosystem.
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List of all plant species found in, or adjacent to, plots K1 or K2 during all the sampling periods. Species recorded at least once 
during the vegetation transect surveys are marked with “Yes”. The taxonomy follows Wagner and others (2005).

Appendix—Species List

Group In plots? Species code Taxon name Common name Family Origin
Fern AspAdi Asplenium adiantum-nigrum ‘iwa‘iwa Aspleniaceae I
Fern Yes DorDec Doryopteris decipiens kumuniu, ‘iwa‘iwa Pteridaceae E
Fern Yes PitAus Pityrogramma austroamericana goldfern Pteridaceae X
Grass Yes BroRub Bromus rubens bromegrass, chess Poaceae X
Grass Yes CenEch Cenchrus echinatus common sandbur Poaceae X
Grass Yes CynDac Cynodon dactylon Bermuda grass Poaceae X
Grass Yes FesMyu Festuca myuros rattail fescue Poaceae X
Grass Yes LepDub Leptochloa dubia green sprangletop Poaceae X
Grass Yes MelMin Melinis minutiflora molasses grass Poaceae X
Grass Yes MelRep Melinis repens Natal redtop Poaceae X
Grass Yes PanFau Panicum fauriei var. fauriei Faurie’s panicgrass Poaceae E
Herb Yes AgeAde Ageratina adenophora Maui pāmakani Asteraceae X
Herb Yes AmaSpi Amaranthus spinosus spiny amaranth Amaranthaceae X
Herb Yes AnaArv Anagallis arvensis scarlet pimpernel Primulaceae X
Herb Yes ArgGla Argemone glauca var. glauca pua kala, kala Papaveraceae E
Herb Yes AscPhy Asclepias physocarpa balloon plant Asclepiadaceae X
Herb AsyGan Asystasia gangetica Chinese violet Acanthaceae X
Herb Yes BidPil Bidens pilosa Spanish needle Asteraceae X
Herb Yes BoeCoc Boerhavia coccinea scarlet spiderling Nyctaginaceae X
Herb Yes ConBon Conyza bonariensis hairy horseweed Asteraceae X
Herb CroLan Crotalaria lanceolata rattlepod Fabaceae X
Herb Yes DauPus Daucus pusillus American carrot Apiaceae X?
Herb Yes DysCar Dysphania carinata keeled wormseed Amaranthaceae X
Herb EroCic Erodium cicutarium alfilaria, pin clover Geraniaceae X
Herb Yes EupHir Euphorbia hirta hairy spurge Euphorbiaceae X
Herb Yes GalPar Galinsoga parviflora gallant soldier Asteraceae X
Herb Yes HypRad Hypochoeris radicata hairy cat’s-ear Asteraceae X
Herb LepVir Lepidium virginicum pepperwort Brassicaceae X
Herb LipRoc Lipochaeta rockii nehe Asteraceae E
Herb Yes PhyOct Phytolacca octandra southern pokeberry Phytolaccaceae X
Herb Yes PorOle Portulaca oleracea pigweed Portulacaceae X
Herb SalOcc Salvia occidentalis West Indian sage Lamiaceae X
Herb Yes SenSyl Senecio sylvaticus wood groundsel Asteraceae X
Herb Yes SilGal Silene gallica small-flowered catchfly Caryophyllaceae X
Herb SolAme Solanum americanum glossy nightshade Solanaceae I?
Herb Yes TriPro Tridax procumbens coat buttons Asteraceae X
Herb WahGra Wahlenbergia gracilis Australian bluebell Campanulaceae X
Shrub BidMen Bidens menziesii ko‘oko‘olau, ko‘olau Asteraceae E
Shrub Yes CheOah Chenopodium oahuense ‘āweoweo Amaranthaceae E
Shrub Yes DodVis Dodonaea viscosa ‘a‘ali‘i Sapindaceae I
Shrub Yes LanCam Lantana camara Lantana, wild sage Verbenaceae X
Shrub PluZey Plumbago zeylanica ‘ilie‘e, hilie‘e, ‘ilihe‘e Plumbaginaceae I
Shrub Yes SidFal Sida fallax ‘ilima Malvaceae I
Shrub Yes SolLin Solanum linnaeanum apple of Sodom Solanaceae X
Tree Yes GreRob Grevillea robusta silk oak, silver oak Proteaceae X
Tree Yes MyoSan Myoporum sandwicense naio Scrophulariaceae I

[E, endemic; I, indigenous; X, alien]
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