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ABSTRACT

BURKITT, J. and WOOTTON, L., 2011. Effects of disturbance and age of invasion on the impact of the invasive sand
sedge, Carex kobomugi, on native dune plant populations in New Jersey’s coastal dunes. Journal of Coastal Research,
27(1), 182–193. West Palm Beach (Florida), ISSN 0749-0208.

Because invasive species are a major threat to global biodiversity, understanding the factors influencing the invasibility
of native communities and documenting effects of invasive species on native communities is important. In this study, we
assessed the role of disturbance in mediating the invasion of Asiatic sand sedge, Carex kobomugi Ohwi (Cyperaceae), in
New Jersey’s coastal dune ecosystems. Stem densities and species richness of native plants were significantly lower
within areas invaded by C. kobomugi than in surrounding areas. Species diversity and species richness inside invaded
areas at two highly disturbed sites were similar to one another and significantly lower than those in a less-disturbed site
(two-way analysis of variance, Wilks’ l F 5 8.4, degrees of freedom [df] 5 78, p , 0.001), suggesting that disturbance
enhances the ability of C. kobomugi to outcompete native plant species. A significant correlation between native plant
stem densities inside invaded areas and those in surrounding areas suggests that preexisting habitat characteristics also
play a role in driving observed differences in native plant densities at each site. However, the lack of a significant
relationship between species richness or species diversity inside invaded areas compared with nearby uninvaded areas,
suggests that C. kobomugi may be more important than background heterogeneity in influencing both those parameters.
No clear differences were found between species richness, diversity, or native plant stem densities based on population
size. This may mean that the impact of the sedge does not increase between early and late stages of the invasion.
Alternately, it may mean that population size is a poor proxy for invasion maturity.

ADDITIONAL INDEX WORDS: Invasive plants, invasibility, disturbance, Asiatic sand sedge, Carex kobomugi,
Cyperaceae, coastal dunes, species diversity, impact, Sandy Hook, New Jersey.

INTRODUCTION

One of the leading threats to global biodiversity is introduced

nonnative species (Lake and Leishman, 2004). The combined

economic and environmental costs of such ‘‘invasive’’ species in

the United States alone have been estimated to exceed $137

billion/y (Pimentel, Zuniga and Morrison, 2005). Moreover,

nearly half of the species currently on the United States

endangered species list have been negatively affected by

invasive species, indicating that these invasions also have

major consequences across the ecosystem. Consequently,

invasive species are now generally listed, along with habitat

loss and pollution, as the three most important environmental

threats of the 21st century (Perrings, 2005).

One plant species that is invasive in the United States is

Carex kobomugi Ohwi, a perennial sedge in the Cyperaceae

family that is native to Japan, Korea, China, and parts of

eastern coastal Russia. This sedge is characterized by short

height (approximately 0.3 m) and long, tapered leaves with

finely serrated edges (Shisler, Wargo, and Jordan, 1987). It is

strongly adapted to coastal habitats and is rarely seen

anywhere but on coastal dunes, the exception being a

population reported from a gravel pit in Massachusetts

(Svenson and Pyle, 1979). Although C. kobomugi has the

ability to reproduce by seed, typically, it grows in large

populations of clones referred to as families through the

propagation of nodes in its subsurface rhizomes (Ishikawa

and Kachi, 1998). Thus, once established, C. kobomugi grows in

large, homogenous stands along sand dunes.

Carex kobomugi was first documented in the United States

near a life-saving station at Island Beach, New Jersey, in 1929.

It was probably introduced in solid ballast discarded from a

ship traveling to New York from Asia (Small, 1954). Since then,

it has expanded its range from North Carolina to Massachu-

setts (Lea and McLaughlin, 2009). Although part of this range

expansion may have resulted from natural expansion, C.

kobomugi was also deliberately planted in many areas of the

East Coast of the United States (Shisler, Wargo, and Jordan,

1987). In the 1960s, plant stock was taken from the Island

Beach population and propagated in field plantings at the Cape

May Plant Materials Center (PMC). Plants from this popula-
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tion were then distributed under the name Sea Isle (plant PI-

433953) for use as an alternative to Ammophila breviligulata

(American beach grass) for dune stabilization throughout

much of the 1970s and early 1980s (Shisler, Wargo, and

Jordan, 1987; USDA, 1983). Sales of this species ceased in the

mid-1980s, largely as a result of increased awareness of the

potential for nonnative species such as this to become invasive.

However, many areas of the eastern United States have since

been invaded by C. kobomugi via natural propagation. The

species reproduces both asexually, via extensive rhizomes, and

sexually, through production of separate male and female

flowers. However, little is known about the relative importance

of each of these in the spread of this species.

Although Small (1954) suggested that C. kobomugi appeared

to have a negative effect on native dune plants, the effects of

this plant on native populations of beach vegetation were not

quantified until a study by Wootton et al. (2005). In that study,

Wootton and her colleagues found that C. kobomugi signifi-

cantly reduced native species abundance and diversity,

probably because of its habit of growing in large, tightly packed

populations that outcompete native dune plants. They also

observed that the effect of the invasive species appeared to be

strongest in areas with less natural disturbance or human

impact, such as remote areas of Sandy Hook, New Jersey. By

contrast, in areas of Island Beach State Park, New Jersey

(about 70 km south of Sandy Hook), which experience much

higher levels of disturbance by human activities, invasion by C.

kobomugi actually increased species diversity while still

negatively affecting native species abundance. They speculated

that this was a result of the sedge apparently filling empty

niches caused by species losses resulting from human impacts

on native species before the invasion (Wootton et al., 2005).

However, these observations resulted from analysis of data

collected during a general study, rather than from a systematic

sampling regime designed to specifically assess the relation-

ship between degree of disturbance and impact of the invasive

species. As a consequence, Wootton and her colleagues were

unable to go beyond speculation to draw strong conclusions on

this subject.

The primary purpose of this study was to investigate the role

of human and natural disturbances in determining the impact

of the invasive sand sedge Carex kobomugi on the species

richness, species diversity, and species distribution of native

dune plants. To do this, we first needed to confirm that C.

kobomugi had a similar effect on the abundance and diversity

of native plant species to that noted by Wootton et al. (2005)

within the specific area that we were studying. That being the

case, we set out to explore the effects of disturbance on the C.

kobomugi invasion. Typically invasive species are more

commonly found in disturbed areas, whereas native species

tend to thrive in more pristine areas (Lake and Leishman,

2004; Wiedemann and Pickart 1996).

Within some of our study areas, human disturbances, such as

trampling by beachgoers, were commonly observed, including

well-worn paths and the presence of numerous fences and

signs. In these sites, vehicular traffic associated with beach

maintenance and ranger activities occurs regularly along the

high beach and along the toe of the dune. The negative effects of

these types of disturbance on native dune vegetation are well

documented (e.g., Carboni et al., 2010; Groom et al., 2007;

McDonnell, 1981; Nickerson and Thibodeau, 1983). When

native plants are weakened or die, the spaces opened up are

vulnerable to invasion (Sobrino et al., 2002). The presence of

natural disturbances such as heavy wave action, or strong wind

erosion, may also create opportunities for exotic species to enter

new habitats (Lake and Leishman, 2004). Like anthropogenic

disturbances, these natural disturbances may increase invasi-

bility because the open habitats they create can allow for

seedling establishment and growth (Pausas, Lloret, and Vilà,

2006). We thus hypothesized that sites experiencing high levels

of human or natural disturbances would be expected to see a

greater effect of C. kobomugi upon native species abundance

and diversity than in areas experiencing lower levels of

disturbance.

Our second objective was to explore the relationship between

the time since the onset of invasion and the impacts of that

invasion on native plant species. Because we did not have data

on the invasion history of this area, we used population size as a

proxy for age of invasion: Smaller populations of C. kobomugi

were assumed to represent recently established populations,

whereas larger populations were assumed to be the result of

older, more established invasions. We hypothesized that the

smaller populations of the invasive sedge would have higher

abundances and diversities of native plants than the more

established populations because the sedge would have had less

time to outcompete native species in the smaller populations,

which are, by implication, earlier in the process of invasion.

MATERIALS AND METHODS

Site Selection

We carried out this study at the Sandy Hook Unit (SHU) of

Gateway National Recreational Area in NE Monmouth

County, New Jersey (Figure 1A). Because this area is

protected as part of a National Recreational Area, it contains

a number of dune areas that experience less human impact,

which is rare for the East Coast of the United States, especially

in New Jersey. However, the dune and coastal areas of SHU

also include a number of more disturbed areas from recrea-

tional use by beachgoers, fishermen, and other outdoor

enthusiasts.

Aerial photographs from 2003 were obtained from the

Monmouth County Information Services and infrared orthog-

onal photographs from 2002 were obtained from the New

Jersey Department of Environmental Protection. Using geo-

graphic information system (GIS) software (ArcMap 9.0), as

well as observations from our own field experience in the park,

disturbed and undisturbed areas of Sandy Hook were identi-

fied. Human-disturbed areas were defined as areas that were

within 50 m of roads, trails, or other human-impacted areas,

such as parking lots. Naturally disturbed areas were identified

as those experiencing high levels of wind and wave energy,

such as are usually associated with spits. Low-disturbance

areas were defined as areas that have little to no human use

and that are also relatively sheltered from wave energy. These

areas were located within the wildlife management area of the

park, where human impact is minimal.
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Our low-disturbance site was located on Coast Guard

property in the NW portion of SHU (Figure 1B, area 1). This

site has little public access and generally low wave energy in

comparison to the other study sites. Our natural-disturbance

site was located at the NE tip of SHU (Figure 1B, area 2). This

site experiences high levels of disturbance from high storm-

wave energy affecting the beach and dunes. The area is

regularly overwashed by storm tides and has a highly dynamic

shoreline, with major erosional events being interspersed by

periods of spit accretion and constantly changing shoreline in

the area. The area also has limited public access. Finally, our

human-impacted site was located at a highly used public beach

area of SHU known locally as North Beach (Figure 1B, area 3).

This site has several boardwalks and highly traveled paved and

Figure 1. (A) Location of the Sandy Hook Unit of the Gateway National Recreation Area (New Jersey) where this study was conducted is indicated by the

arrow. (B) Study site locations within the Sandy Hook Unit of the Gateway National Recreation Area (New Jersey). Filled polygons represent locations of

populations of Carex kobomugi surveyed in this study. Area 1 indicates location of the low-disturbance study sites on property belonging to the U.S. Coast

Guard. Area 2 lies at the ‘‘tip’’ of the barrier peninsula and represents the location of the naturally disturbed study sites. Area 3, adjacent to a popular

recreational area within the park (‘‘North Beach’’) represents the location of our human-impacted study sites. (C) Example of quadrat sample locations within

one of the study populations (the large population at site 1, indicated by the arrow in B). The filled polygon represents mapped boundaries of the Carex

kobomugi population. Points depict location quadrat samples. The quadrat sampling grid included areas within the invaded area and those in nearby

uninvaded areas.
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sand trails leading to a popular recreational beach seaward of

our study site.

The areas of all of the populations in each study area were

calculated using ArcGis 8.2 (ESRI Inc., Redlands, California).

We then selected a population within each study area (low

disturbance, natural disturbance, and human impacted) that

met the following criteria: A small population was defined as

one with area between 500 and 1000 m2. Medium populations

were those having an area of between 2400 m2 and 2600 m2, and

large populations were defined as the largest continuous

population within each area. The size range of the large

populations was 5300 m2 to 9908 m2.

Data Collection

Data collection took place between August 6, 2005, and

September 11, 2005. Counts of species types and stem densities

of all plants within 1-m2 plots were used to assess the species

richness and abundance, respectively, within the invaded

areas selected for this study. The location of each quadrat

was determined using a systematic sampling design, in which

samples were taken at the corners of a 5 3 5-m grid measured

across the populations for large- and medium-sized popula-

tions, and at the corners of a 4 3 4-m grid for the small

populations (e.g., Figure 1C). As a result, the number of

replicate quadrats counted depended on the size of the

population, with more quadrats in total being counted in the

medium and large-sized populations, despite the greater

density of sampling in the small populations (Table 1); 1-m2

quadrats were also counted at multiple points 5 m outside both

the seaward and landward edges of the stand and at both ends

to evaluate the species richness and abundance of native plant

populations in areas near to, but outside, each study site in

areas not affected by C. kobomugi (e.g., Figure 1C).

In making these counts, stems were defined as a central

branch growing from the sand. Some species had multiple

branches (e.g., Solidago sempervirens [seaside goldenrod],

Artemisia spp. [wormwood]), whereas others had a single stem

emerging from the sand with smaller branches growing out

from there (e.g., Euphorbia polygonifolia [seaside spurge]). For

grasses, such as American beachgrass (Ammophila breviligu-

lata) and the sedge (Carex kobomugi), each culm was

considered to be a separate stem. Once stem counts were

obtained, species diversity for each plot was calculated using

the Shannon-Weiner diversity index.

Statistical Analysis

To assess effects of population size (maturity of stand) or

degree of disturbance (location), data were analyzed using a

two-way analysis of variance (ANOVA) with population size

and location as the independent factors, followed by post hoc,

pairwise comparisons of means for those samples in which a

significant ANOVA value was obtained using the least squared

differences (LSD) test. Nonparametric correlation analysis was

used to assess the impact of Carex kobomugi on the abundance

and diversity of native plants. For all correlation analyses of

populations of different sizes and of those at different levels of

disturbance pairing was achieved by comparing stem densities

of Carex kobomugi within each quadrat with those of other

species within the same quadrat. For the comparison of overall

diversity and native species abundances inside invaded areas

with that of nearby, uninvaded areas, the overall average

(mean) for all quadrats within each population was compared

with the overall average for all quadrats in the area around

that population. All statistical analyses were carried out using

the Statistical Product and Service Solutions software (SPSS,

version 14.0; SPSS Inc., Chicago, Illinois).

RESULTS

General Community Description

All of the populations described in this study were located in

primary or secondary dune ecosystems (usually spanning both

to some degree). A total of 42 different species were encoun-

tered at least once in the 1299 quadrats assessed. However,

almost all of these were relatively rare, and most were

encountered in very few (less than 5%) of the quadrats

sampled. The dominant native plant present in all of these

areas was American beachgrass (Ammophila breviligulata),

which was present in 57% of quadrats sampled, including those

in invaded areas. Other plants commonly encountered were

seaside goldenrod (Solidago sempervirens), wormwood (Arte-

misia biennis), coastal little bluestem (Schizachyrium scopar-

ium), saltmeadow cordgrass (Spartina patens), and seaside

spurge (Euphorbia polygonifolia). Generally, species richness

(number of species encountered per square meter quadrat) was

low, varying from 0 to 11 species, with a median of two species

per square meter. In general, the distribution of all species

encountered, including the focal species (Carex kobomugi) and

the commonly encountered native species, was very patchy.

Table 1. Sampling intensity within and around each population.

Population Location Population Size

Number of Quadrats Sampled

Within Invaded Area

Number of Quadrats Sampled In

Nearby Uninvaded Areas

Low Disturbance (Coastguard) Small 40 33

Medium 85 59

Large 115 53

Naturally Disturbed (Tip) Small 21 34

Medium 91 45

Large 152 117

Human Disturbed (North Beach) Small 40 21

Medium 84 48

Large 192 64
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Within invaded areas, it was not unusual for one quadrat to

have a C. kobomugi stem density of less than 10 stems/m2,

whereas adjacent quadrats might have several hundred stems

per square meter of the species (or vice versa). Overall, a range

of 0–657 stems/m2 of the sedge were encountered in quadrats

within invaded areas. The global mean stem density of C.

kobomugi encountered in quadrats within invaded areas was

93.5 6 81.27 stems/m2.

Overall Impact of C. kobomugi on Native Plants

There was a significant difference in plant abundances

between locations (two-way ANOVA, Wilkes l F 5 8.4, degrees

of freedom [df] 5 78, p , 0.001) and in plant abundances in

populations of different sizes (two-way ANOVA, Wilkes l F 5

6.7, df 5 78, p , 0.001). There was also a significant interaction

effect between location and population size (two-way ANOVA,

Wilkes l F 5 6.8, df 5 156, p , 0.001). Post hoc analyses of

pooled data from all population sizes and locations were made

to compare species richness, species diversity, and stem

densities of common species inside invaded areas relative to

noninvaded areas. No significant differences could be detected

between species richness or species diversity within invaded

areas relative to the surrounding areas (Table 2). However,

significant decreases in stem densities of common species were

detected within invaded areas, when compared with those of

the same species outside the invaded areas (Table 2).

A strong negative correlation was detected within the pooled

data set between C. kobomugi abundance and both species

richness and diversity (Table 3). However, S. scoparium and A.

breviligulata were the only species for which significant

declines in abundance could be related to increased C.

kobomugi abundance at the p , 0.05 level.

Disturbance Effects

The data were first analyzed within sites to assess differenc-

es between species richness, species diversity, and stem

densities of common species inside invaded areas relative to

the noninvaded areas in sites experiencing different levels of

disturbance. When this was done, little effect of C. kobomugi

could be detected at the low-disturbance site (Table 4). The

only detectable difference between invaded and noninvaded

(control) areas at this location was for Solidago sempervirens

(seaside goldenrod), which was significantly less abundant

within the invaded areas (Table 4). However, a much stronger

effect of this species was observed at both the naturally

disturbed and human-impacted locations. Within the naturally

disturbed site, there was a significant decrease in species

diversity inside the invaded areas relative to the surrounding

areas. There were also significant decreases in stem densities of

A. breviligulata (American beachgrass) and Artemisia spp.

(wormwood) inside the invaded populations relative to those in

the surrounding areas (Table 4).

Within the strongly human-impacted site, there was a

significant decrease in species richness within the invaded

areas compared with populations in the surrounding areas.

However, there was no detectable effect of C. kobomugi on

species diversity. Significant decreases in population densities

of A. breviligulata and S. scoparium were also detected within

the invaded areas compared with native populations in the

surrounding areas (Table 5).

The species diversity of the populations at the low-distur-

bance sites had a significant negative correlation with the

abundance of C. kobomugi (Table 3, rows 2–4). Stem densities

of Spartina patens (salt meadow hay) were also significantly

and negatively correlated with the presence of C. kobomugi.

Within the populations at the naturally disturbed and human-

disturbed sites, there was a significant negative correlation

between C. kobomugi stem densities and species richness and

diversity. There were also significant negative correlations

between the stem densities of C. kobomugi and the stem

densities of A. breviligulata and Artemisia spp. at the naturally

disturbed site and between C. kobomugi and all of the most

common dune species, except for A. breviligulata and S.

sempervirens, at the human-impacted site (Table 3).

On average, stem counts of C. kobomugi were highest at the

naturally disturbed site and lowest at the least-disturbed site

(Table 5). Species diversity and species richness inside invaded

areas at both the naturally disturbed and human-impacted

sites were similar to one another and were significantly

reduced relative to those at the less-disturbed site. In general,

abundances of individual species within invaded areas were

significantly reduced at the naturally disturbed site compared

with other locations (Table 5). However, S. sempervirens and

Artemisia spp. stem densities were statistically similar at all

three locations.

When comparing species richness in the control areas (5 m

outside the invaded areas) among sites, there were significant

differences among all three locations, with the lowest richness

in the human-impacted site and the highest in the least-

impacted site (Table 5). By contrast, there were no significant

Table 2. Mean species richness and species diversity and stem densities of common dune species within all study areas pooled.

Invaded Areas (mean 6 SE), N 5 824 Control Areas (mean 6 SE), N 5 474

Species richness 2.74 6 0.04a 2.41 6 0.06b

Species diversity 0.49 6 0.01a 0.51 6 0.02a

Ammophila breviligulata 14.87 6 0.01a 20.65 6 1.16b

Solidago sempervirens 1.26 6 0.14a 1.89 6 0.02b

Artemisia spp. 1.42 6 0.17a 2.81 6 0.61b

Schizachyrium scoparium 1.39 6 0.20a 1.38 6 0.23a

Spartina patens 1.84 6 0.24a 3.50 6 0.54b

Euphorbia polygonifolia 0.62 6 0.17a 1.07 6 0.25a

For each comparison between invaded and nearby uninvaded dunes (i.e., across rows), means denoted with the same letter are statistically similar (belong to

the same homogeneous subsets as determined using a LSD post hoc test). Means denoted with different letters are statistically different at the p , 0.05 level.
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differences in species diversity in the areas immediately

outside the C. kobomugi populations at the two high-distur-

bance sites. However, species diversity outside the populations

was significantly higher at the less-disturbed, compared with

the human-impacted, study site (Table 5).

The abundances of A. breviligulata and S. patens in the

control-sample areas were significantly lower at the human-

impacted site than at the other two study areas (Table 5).

Euphorbia polygonifolia population densities in the control

samples surrounding the low-disturbance site were signifi-

cantly higher than those at the other two study sites. By

contrast, Artemisia spp. abundance was significantly greater in

the control samples at the naturally disturbed site compared

with the other two locations. Finally, there was a significant

difference among all sites when comparing the S. scoparium

populations in the control samples, with the low-disturbance

site having the highest densities of this species, and the

naturally disturbed site having the lowest (Table 5).

Population-Size Analysis

When comparing data from different-sized populations

pooled across all locations, few clear patterns emerge. There

was a significant difference between the species richness of the

medium-sized populations relative to that in the small- and

large-sized populations (Table 6). Carex kobomugi stem densi-

ties were significantly lower in the small-sized populations

than in the medium and large ones. Stem densities of S.

sempervirens were significantly lower in large populations

than in the small and medium populations, and stem densities

of E. polygonifolia were significantly lower in both large- and

medium-sized populations than in small populations. By

contrast, for S. scoparium and S. patens, it was the small

populations that had significantly lower stem densities relative

to the medium and large populations (Table 6).

When data from populations of the same size at all three sites

were pooled and investigated using correlation analysis, no

relationship was detected between C. kobomugi and species

richness for the smallest population size. However, negative

effects of C. kobomugi on species richness were detected in both

medium- and large-sized populations (Table 3, rows 5–7).

Significant negative relationships between C. kobomugi and

species diversity were detected at all population sizes. A

negative relationship between C. kobomugi and A. breviligu-

lata stem densities was detected at all population sizes,

although this relationship was weaker in the large populations.

Negative effects of C. kobomugi on S. scoparium and E.

polygonifolia densities were detected in medium-sized popula-

tions, and on S. scoparium and Artemisia spp. densities in the

largest populations (Table 3).

When comparing the stem densities of native plant species in

the control samples (taken adjacent to, but not inside, invaded

areas of different sizes), there were no significant differences in

species richness or diversity. Stem densities of Artemisia spp.

and S. patens were significantly higher adjacent to the large

populations relative to the small- and medium-sized popula-

tions. By contrast, E. polygonifolia stem densities were higher in

the areas surrounding the small populations relative to the

areas surrounding medium or large-sized populations (Table 6).T
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Up to this point, we have assumed that differences in native

species abundance within invaded areas of different sizes or

disturbance levels were a result of the impact of the presence of

C. kobomugi. However, it is possible that such differences

actually reflect preexisting differences in species abundance in

the underlying matrix. If that were the case, we would expect to

see a strong relationship between the stem densities of native

plants in the control areas immediately outside the invaded

areas with those parameters in the nearby invaded areas. A

regression analysis was thus performed to compare average

species diversity and richness with native-plant stem densities

from samples taken within invaded areas with averages

calculated from control samples taken in the areas surrounding

each invaded area. There was no significant relationship

between species richness and species diversity inside versus

outside the affected areas, suggesting that C. kobomugi is

probably more important than natural heterogeneity in

influencing both of these parameters (Table 7). The native-

plant stem densities, however, showed a different pattern.

Ammophila breviligulata, S. sempervirens, and S. scoparium

all showed relatively strong relationships between the stem

densities within and outside the invaded areas (Table 7). This

suggests that, although C. kobomugi may decrease the overall

stem densities of these species (Table 3), there is also a strong

influence of the preinvasion landscape on the stem densities of

these species.

DISCUSSION

Overall Impact of C. kobomugi on Native Species

This study confirmed the observation of Wootton et al. (2005)

that C. kobomugi has a strong negative effect on native species

abundances and diversities (Tables 2 and 4). As might be

expected, this negative effect appears to increase with

increasing stem densities of C. kobomugi (Table 3), supporting

the idea that C. kobomugi is directly contributing to the decline

in native species abundance.

The high data density of this study, relative to that used in

Wootton and colleagues’ original (2005) study, allowed us to

detect effects of C. kobomugi on a much wider array of species

Table 4. Within-site comparisons of overall species richness, species diversity, and stem densities per square meter of the most commonly encountered species

inside the invaded populations relative to those in ‘‘control’’ sites located in uninvaded areas immediately surrounding invaded areas.

Low Disturbance (Coast Guard) Naturally Disturbed (Tip) Strongly Human Impacted (North Beach)

Invaded Areas

(mean 6 SD), n 5 240

Control Areas

(mean 6 SD), n 5 146

Invaded Areas

(mean 6 SD), n 5 268

Control Areas

(mean 6 SD), n 5 196

Invaded Areas

(mean 6 SD), n 5 316

Control Areas

(mean 6 SD), n 5 133

Species richness 3.071 6 1.018a 2.863 6 1.055a 2.571 6 1.118a 2.449 6 1.115a 2.627 6 1.267a 1.850 6 1.449b

Diversity index 0.654 6 0.316a 0.603 6 0.339a 0.419 6 0.319a 0.515 6 0.380b 0.415 6 0.380a 0.396 6 0.602a

Carex kobomugi 51.2 6 40.5a 0.0 6 0.0b 133.2 6 103.7b 0.0 6 0.0a 91.7 6 64.8a 0.0 6 0.0b

Ammophila

breviligulata 19.3 6 23.4a 19.6 6 21.4a 16.8 6 26.7a 24.6 6 29.7b 9.9 6 18.7a 15.9 6 20.1b

Solidago sempervirens 1.4 6 3.3a 2.2 6 4.0b 1.4 6 6.2a 1.9 6 5.5a 1.0 6 2.1a 1.5 6 3.1a

Artemisia spp. 0.9 6 5.4a 0.8 6 2.4a 1.7 6 4.2a 4.9 6 20.0b 1.6 6 4.9a 1.9 6 5.2a

Schizachyrium

scoparium 4.2 6 9.4a 3.4 6 7.5a 0.0 6 0.0a 0.0 6 0.0a 0.4 6 2.9a 1.3 6 5.0b

Spartina patens 1.7 6 5.5a 4.2 6 13.5a 3.4 6 10.0a 5.0 6 13.4a 0.5 6 2.7a 0.5 6 3.0a

Euphorbia

polygonifolia 2.0 6 9.0a 2.5 6 9.4a 0.1 6 0.7a 0.6 6 1.7a 0.05 6 0.4a 0.08 6 0.4a

For within-species comparisons between invaded and control sites at each location, means denoted with the same letter are statistically similar (belong to the

same homogeneous subsets as determined using a LSD post hoc test). Means denoted with different letters are statistically different at the p , 0.05 level.

Table 5. Comparison of species abundance, diversity and stem densities per square meter of dominant species in low disturbance (Coast Guard), naturally

disturbed (Tip) and human-impacted (North Beach) sites. All data represent mean 6 SD for the populations pooled across all population sizes.

Impacted Areas Control (Outside Impacted Areas)

Low Disturbance

(mean 6 SD), n 5 240

Naturally Disturbed

(mean 6 SD), n 5 268

Human Impacted

(mean 6 SD), n 5 316

Low Disturbance

Control, n 5 146

Naturally Disturbed

Control, n 5 196

Hunan Impacted

Control, n 5 133

Species Richness 3.071 6 1.018a 2.571 6 1.118b 2.627 6 1.267b 2.863 6 1.055a 2.449 6 1.115b 1.850 6 1.449c

Diversity index 0.654 6 0.316a 0.419 6 0.319b 0.415 6 0.380b 0.603 6 0.339a 0.515 6 0.380ab 0.396 6 0.602b

Carex kobomugi 51.2 6 40.5a 133.2 6 103.7c 91.7 6 64.8b 0 0 0

Ammophila

breviligulata 19.3 6 23.4a 16.8 6 26.7a 9.9 6 18.7b 19.6 6 21.1a 24.6 6 29.7a 15.9 6 20.6b

Solidago sempervirens 1.4 6 3.3a 1.4 6 6.2a 1.0 6 2.1a 2.2 6 4.0a 1.9 6 5.5a 1.5 6 3.1a

Artemisia spp. 0.9 6 5.4a 1.7 6 4.2a 1.6 6 4.9a 0.8 6 2.4a 4.9 6 20.0b 1.9 6 5.2a

Schizachyrium

scoparium 4.2 6 9.4a 0.0 6 0.0c 0.4 6 2.9b 3.4 6 7.5a 0b 1.3 6 5.0c

Spartina patens 1.7 6 5.5a 3.4 6 10.0a 0.5 6 2.7b 4.2 6 13.5a 5.0 6 13.5a 0.5 6 3.0b

Euphorbia

polygonifolia 2.0 6 9.0a 0.1 6 0.7b 0.05 6 0.4c 2.5 6 9.4a 0.6 6 1.7b 0.1 6 0.4b

For each comparison between population size in treatment or control areas, means denoted with the same letter are statistically similar (belong to the same

homogeneous subsets as determined using a LSD post hoc test). Means denoted with different letters are statistically different at the p , 0.05 level.
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than was possible in the earlier study. For example, the

negative impact of C. kobomugi on species such as S. patens

and S. scoparium were clearly visible in this study, whereas

Wootton et al. (2005) were unable to detect any effects for these

species. Similarly, we were able to document a stronger effect

from the invasion of C. kobomugi on species such as E.

polygonifolia, S. patens and Artemisia spp. than was found in

the earlier study (Table 2).

Carex kobomugi might be expected to have a stronger effect

on annual species, which have to find open niches each year to

reestablish their populations, than on perennial plants, which

would already be established and able to hold onto the space

they currently occupy. However, that expectation was not

supported by the data collected in this study. Annual dicots (E.

polygonifolia), perennial dicots (S. sempervirens), and peren-

nial grasses, which spread rhizomatously as well as sexually

(S. scoparium, A. breviligulata) were all negatively affected

when interacting with C. kobomugi. Thus, C. kobomugi

appears to have adverse effects on all of the plants studied,

regardless of their functional type. This suggests that the

species is not just filling open niches, but also actively ‘‘ousting’’

established perennials from the dunes, perhaps via the use of

allelopathic chemicals. Although allelopathy has not been

reported for this species, to our knowledge, in a mesocosm

experiment conducted by students at the Marine Academy of

Science and Technology at Sandy Hook from 2004–06,

mesocosms containing C. kobomugi rarely needed weeding,

whereas those containing A. breviligulata required regular

removal of weed species, which may suggest that C. kobomugi

is capable of producing allelopathic chemicals (L. Wootton,

personal observation).

Another species that was negatively affected by C. kobomugi

was seaside goldenrod, Solidago sempervirens (Tables 2 and

4). The nectar from this species is an important fuel source for

migrating monarch butterflies, Danaus plexippus. Between

the years of 1992 and 2004, thousands of butterflies were

observed migrating through Cape May, New Jersey, in mid- to

late September through early October (Walton, Brower, and

Davis, 2005). Because C. kobomugi outcompetes S. sempervi-

rens, and so reduces its abundance, the migrating populations

of Danaus plexippus could potentially be negatively affected as

well.

Another native plant commonly encountered in this study

was wormwood, Artemisia spp. This plant is endangered in

New Jersey. It grows in open sandy soil and areas of low soil

nutrients, particularly in the dunes of New Jersey (NJFWS,

2005). Because C. kobomugi has significant negative impacts

on this species, at least in some habitats (Tables 2–6), the rapid

expansion of C. kobomugi documented by Wootton et al. (2005)

has the potential to increase the pressure on this already

uncommon species.

The significantly lower stem densities of A. breviligulata

within the invaded areas compared with those in the

surrounding areas (Tables 2 and 4–6) have the potential to

change the physical characteristics of the invaded dunes. It has

been speculated that dunes invaded by C. kobomugi may be

lower in profile than those dominated by A. breviligulata

because C. kobomugi grows lower to the dune surface than A.

breviligulata and so may scavenge and retain less sand than

the native species (Shisler, Wargo, and Jordan, 1987). If C.

kobomugi invasion does have the effect of reducing dune

height, the expansion of this species would leave the invaded

dunes more prone to overwash during high-energy storm

events and more susceptible to erosion. That, in turn, would

probably result in further loss of native species as a result of the

accelerated landward migration of dunes.

Table 6. Comparison of species abundance, diversity, and stem densities per square meter of dominant species inside small, medium, and large Carex

kobomugi populations. All data represent mean 6 SD for all data within populations of the specified size, pooled across all locations.

Impacted Areas Control (Outside Impacted Areas)

Small, n 5 101 Medium, n 5 261 Large, n 5 459 Small, n 5 89 Medium, n 5 152 Large, n 5 234

Species richness 2.584 6 1.051a 3.011 6 1.178b 2.612 6 1.164a 2.393 6 0.900a 2.566 6 1.200a 2.312 6 1.402a

Diversity index 0.527 6 0.354a 0.512 6 0.358a 0.462 6 0.360a 0.413 6 0.334a 0.532 6 0.370a 0.530 6 0.525a

Carex kobomugi 67.2 6 60.6a 99.1 6 82.0b 96.2 6 84.1b 0 0 0

Ammophila

breviligulata 18.4 6 23.4a 16.4 6 24.4a 13.2 6 22.4a 24.4 6 19.6a 19.2 6 22.9a 20.0 6 28.2a

Solidago sempervirens 1.7 6 3.5a 1.9 6 6.5a 0.8 6 2.0b 1.8 6 3.7a 2.5 6 6.3a 1.5 6 3.1a

Artemisia spp. 1.2 6 5.7a 1.1 6 3.3a 1.7 6 5.4a 0.9 6 4.2a 1.2 6 2.9a 4.6 6 18.5b

Schizachyrium

scoparium 0.4 6 2.5a 1.1 6 5.3ab 1.8 6 6.3b 1.2 6 5.6a 0.8 6 3.4a 1.9 6 5.8a

Spartina patens 0.8 6 4.4a 2.9 6 8.2b 1.7 6 6.2ab 0.9 6 4.1a 2.9 6 9.6a 4.9 6 14.4b

Euphorbia

polygonifolia 4.2 6 13.6a 0.2 6 0.8b 0.1 6 0.6b 4.3 6 11.8a 0.4 6 1.3b 0.3 6 1.1b

For each species comparison between different-sized populations (i.e., across rows), means denoted with the same letter are statistically similar (belong to the

same homogeneous subsets as determined using an LSD post hoc test). Means denoted with different letters are statistically different at the p , 0.05 level.

Table 7. Results of regression analysis of mean species richness, species

diversity, and stem densities of common species within invaded areas and

those in the immediately surrounding areas (n 5 9).

r2 p

Species richness 0.301 0.126

Diversity 0.038 0.615

Ammophila breviligulata 0.704 0.005

Solidago sempervirens 0.861 ,0.001

Artemisia spp. 0.594 0.015

Schizachyrium scoparium 0.730 0.001

Spartina patens 0.438 0.011

Euphorbia polygonifolia (with one extreme outlier

point included) 0.990 ,0.001

Euphorbia polygonifolia (excluding outlier) 0.307 0.154
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Ecosystem resilience is defined as the ability of a system to

maintain its function when faced with novel disturbances

(Webb, 2007). Biological diversity appears to be an important

factor in determining the resilience of ecosystems and thus

their ability to sustain themselves in the face of environmental

challenges. The relationship between diversity and resiliency

appears to derive from the apparent ‘‘redundancy’’ of species

within healthy ecosystems (Elmqvist et al., 2003; Peterson,

Allen, and Holling, 1998). As a result, maximizing not only

species diversity, but also functional diversity within an

ecosystem, is important in maximizing the resilience of a given

ecosystem (Petchey and Gaston, 2009). The presence of species

with different, but overlapping, functions within an ecosystem,

as well as of species operating at different scales, results in a

variety of tolerances and responses to new conditions. The

result is that, when diversity levels are high, at least some

species are likely to be able to thrive and maintain ecosystem

services under whatever conditions prevail in an area at a

given point in time. Thus, more biologically diverse ecosystems

generally display more resilience, or a greater ability to

overcome a natural disaster or human-caused destruction

(Naeem, 1998). As previously discussed, invasion by C.

kobomugi decreases both the abundance and the number of

native species (species richness and diversity) that characterize

healthy dune ecosystems. As the invasion matures, the plant

forms what is essentially a monoculture on the dunes (Wootton,

2003; Wootton et al., 2005). Thus, invaded dunes are likely to be

less resilient to future environmental changes or other

challenges.

Effects of Disturbance on Impact of C. kobomugi on
Native Communities

Wootton et al. (2005) speculated that disturbance might

explain why they were able to show negative effects of C.

kobomugi in the less-disturbed areas of Sandy Hook, whereas

they were unable to see such differences in the more highly

disturbed dunes at Island Beach State Park (Ocean County

New Jersey). We thus designed this study to assess patterns in

species abundance resulting from different levels of distur-

bance. Lower native-plant richness and species diversity and

higher C. kobomugi stem densities at the higher-disturbance

study sites relative to those at the less-disturbed study site

(Table 5) supported the hypothesis that disturbance helps

contribute to the invasion success of C. kobomugi. However, the

species richness outside the invaded areas also showed

significant differences among all three sites (Table 5), suggest-

ing that varying degrees of disturbance also had a direct effect

on species richness, regardless of the presence or absence of the

invasive sedge.

Disturbances have been shown to play a role in the invasion

success of a nonnative species in other studies (Fridley et al.,

2007). In many cases, disturbances (natural or human impact)

favor plant species by providing needed resources for seedling

development that were not available before the disturbance

(Pausas et al., 2006). For example, in areas along human

transportation corridors (highways, roads, and trails), the

colonization and establishment of nonnative and invasive

species are significantly increased (Hansen and Clevenger,

2005). In Korea, where C. kobomugi is native, it is an

ecologically important dune-stabilizing plant. Ironically, in its

native habitat, C. kobomugi is being outcompeted by nonnative

species, such as Artemisia princeps (Japanese mugwort),

Digitaria sanguinalis (hairy crabgrass), and Zoysia sinica

(seashore zoysia grass), particularly around human-impacted

areas where construction, human traffic, and roads disturb the

habitat (Kim, 2004). In Korea, these disturbances reduce the

success of the native C. kobomugi and increase the success of

nonnative and invasive species. Our data suggest a similar role

of disturbance in mediating the invasion of nonnative plants in

New Jersey dunes. In addition, because species richness and

diversity were significantly higher within invaded areas in the

relatively undisturbed site (Figure 1B, area 1) relative to the

naturally disturbed (Figure 1B, area 2) and human-impacted

(Figure 1B, area 3) sites (Table 5), a disturbance of any type

may have a negative effect on the species richness and species

diversity of native plant populations. Similarly, because,

within the invaded areas of the less-disturbed site, stem

densities of Carex kobomugi were significantly lower than at

both disturbed locations (Table 5), that disturbance (either

natural or human impact) may have a positive effect on the

invasion success of C. kobomugi. Moreover, the similarities

between the two disturbed sites and their differences with the

less-impacted site (Table 5) suggest that the presence of

disturbance was more important in determining the impact of

the invasive species than the nature of that disturbance.

Invasion Success of C. kobomugi in Relationship to
Population Size (Age of Invasion)

The third objective of this study was to assess the effect of the

duration of invasion on the stem densities and impact of C.

kobomugi on native plant species. Because no time-course data

were available on the location or sizes of beds in this area before

our study, the actual age of each population was unknown. We

thus used bed size as a proxy for age-of-invasion for each

population. We did this because C. kobomugi spreads primarily

by rhizomes (Ishikawa and Kachi, 1998), so we assumed that

the larger the bed size, the older/more established would be the

C. kobomugi invasion in that area. As a result, we expected to

see an increased reduction in native-plant species richness,

diversity, and stem densities within larger beds, where C.

kobomugi presumably had a longer period of time to outcom-

pete the native species, compared with smaller invaded areas.

However, this is not what we saw (Table 5).

The lack of relationship between bed size and the impact of

the C. kobomugi invasion may mean that there is no change in

the impact of C. kobomugi on native species with increased

time of exposure to the invasive sedge. However, a factor that

we didn’t consider when designing this portion of the study is

that the larger beds may not actually be older (more

established) than the smaller ones. Instead, those beds may

just represent areas where multiple introductions of C.

kobomugi occurred in close proximity to one another and, as

each clump expanded, the smaller populations merged to form

a single, larger bed. When we realized that this was a

possibility, we attempted to reconstruct the history of the

invasion by consulting aerial photographs of the area archived
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at the Office of Monmouth County Information Services and at

New Jersey Department of Environmental Protection

(NJDEP).

Unfortunately, almost all of the aerial surveys available to us

were carried out during winter or early spring to minimize tree

canopy interference. At this time of the year, both native and

invasive dune plants are dormant and are indistinguishable

from one another on the photographs. As a consequence, there

was no way to track the history of these populations over time

to determine whether or not this was the case. In the absence of

information on the history of each population, it is also possible

that the lack of relationship between bed size and the impact of

the C. kobomugi invasion actually results from the bed size

being unrelated to the degree of establishment of the invasive

species in each location.

Other Factors Influencing Stem Densities Within
Invaded Dunes

It is important to positively establish that the observed

changes in native species stem densities were caused by the

presence of C. kobomugi, rather than because of some

undiscovered, conflating variable. Habitat heterogeneity and

natural distributions of native plant species may play an

important role in the establishment of nonnative or invasive

species (Hansen and Clevenger, 2005). However, when a study

is started after an invasion has occurred, it is sometimes hard

to assess the relative roles of preexisting habitat heterogeneity

from those of postinvasion effects of the invasive species. This is

the case here, where there is potentially a degree of circularity

that makes it hard to distinguish between cause and effect in

interpreting the negative correlation between densities of C.

kobomugi and native plants observed in this study. In

interpreting the negative correlation between C. kobomugi

and native-plant stem densities, we have implicitly assumed

that stem densities of native plants were high before invasion,

but then declined as the area was invaded by C. kobomugi (i.e.,

that the growth of the sedge was driving the correlation).

However, it is also possible that the reason C. kobomugi was

able to achieve high stem densities in certain areas was that

those areas had low densities of native plants before its

invasion. In this second scenario, the preexisting condition of

sparse growth by native plants (because of disturbance, the

presence of newly accreted dunes, or other such factors) created

an open niche that C. kobomugi was able to occupy effectively,

resulting in high stem densities of the invasive sedge. In this

scenario, it was the very openness of the existing niche that

allowed the invasive sedge to achieve the high stem densities

that were later observed in these areas (i.e., the lack of growth

of the native plants was what was driving the correlation).

Because we have no data on the stem densities of native

plants from the dune areas now invaded by C. kobomugi before

that invasion, it is hard to know which of these scenarios best

explains the observed negative correlations between the stem

densities of the sedge and those of native plants. However, the

strong correlation between the stem densities of many of the

native plants inside versus outside the invaded areas (Table 7),

suggests that the latter scenario might actually be playing

some role in the observed relationships between disturbance

and the effects of C. kobomugi on native-plant stem densities,

species richness, and species diversity in these habitats.

Nonetheless, because native plant species such as Ammophila

breviligulata, Solidago sempervirens, and Schizachyrium

scoparium showed reduced stem densities when in the

presence of C. kobomugi (Tables 2 and 4–6), whatever the

impact of the background landscape factors, this is an

additional effect of C. kobomugi in reducing native plant

densities and species richness.

Study Limitations

Because of the location of the study sites, some sites were

primarily on the foredune, whereas others were on the dune

crest and secondary dunes or a combination of all of these.

Natural variations in species richness, species diversity, and

native-plant stem densities within the different areas of the

dunes could have influenced the results, accounting for some of

the differences seen between in the various-sized beds within a

region or between similar-sized beds between regions. The

problem of distinguishing between locational effects, such as

these, versus the effects of the larger ecological forces of

disturbance and maturity of invasion is compounded by the

limitations created by our sampling strategy. Although there

were three replicate beds of each size, and three beds at each

location, there were not enough small-, medium- and large-

sized beds within each study site to allow for three replicates of

each sized bed at each location. Having only one bed of each size

at each location clearly reduced our ability to see and interpret

patterns in our data, but unfortunately nature provided us

with no feasible alternatives. However, in the spirit of Oksanen

(2001) and Heffner, Butler, and Reilly (1996), we feel that

analysis using inferential statistics to analyze our data was

still appropriate and that our results, to quote Hurlburt (1984),

‘‘nevertheless contain useful information.’’

Suggestions for Future Research

To confirm and strengthen the findings of this research, a

study with more replicates of similar-sized populations

experiencing similar levels of disturbance is needed to get a

stronger sense of the effects of disturbance. Unfortunately, this

is going to be very hard to achieve, because no one site contains

multiple populations of each size, and finding multiple sites

experiencing similar levels of disturbance is also going to be

difficult to achieve in the field. Similarly, rather than assume a

correlation between population size and time since invasion,

long-term studies should be established to follow newly

established populations, to see whether their impact on native

species increases with the increased maturity of the invading

population. In both cases, use of mesocosm experiments may be

useful by allowing study of the effects of C. kobomugi on native

species under more controlled conditions.

To further study the invasion and impact of Carex kobomugi,

continued monitoring of the spread of this species is needed.

This study has reiterated the damage that this species can do to

native species abundance and diversity. It is likely that C.

kobomugi is continuing to spread rapidly throughout the study

area for this project and beyond. However, no large-scale
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monitoring of this species has been carried out since the

Wootton et al. (2005) surveys, which were carried out in 2002.

Mapping and early detection, when paired with an active

removal program, can help managers protect populations of

high-risk species, such as sea beach amaranth (Amaranthus

pumilus) and piping plover (Charadrius melodus), from this

invasive species. However, this too is an area in need of further

research and development, because no significant management

efforts for this species are currently being implemented

anywhere in New Jersey.

The negative impact of C. kobomugi on native species

densities and diversities has been examined both in this study

and by Wootton et al. (2005) and is now well established.

However, the impact of this species on dune geomorphology has

not been studied at all. Because C. kobomugi grows in densely

packed populations it is possible that it is actually a very

effective sand scavenger. However, because native A. brevili-

gulata grows taller, it may collect more sand than does the

lower-growing C. kobomugi. Clearly then, the relative rates of

sand accretion and depletion between these two species need to

be quantified in the field. Comparisons of dune heights invaded

by C. kobomugi compared with dunes with the native A.

breviligulata might also be used to assess this question. If

dunes invaded with C. kobomugi are shown to be lower, the

probability of overwash events may be greater.

In the current study, no relationship was found between

population size and the degree of impact of the invasion on

native plant species. This may be a real finding, or it may

reflect the use of population size as a proxy for time since

establishment, which may not be accurate if populations have

fused over time. Thus, another area for future research is the

relationship between age of invasion and effect on native

species. To do this effectively, monitoring should be established

for newly established populations of C. kobomugi and main-

tained over a period of years to see whether there is an

increasing effect of the species on native plant abundance or

diversity with duration of invasion.
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