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Introduction

Abstract

Invasive animals can facilitate the success of invasive plant populations through
disturbance. We examined the relationship between the repeated foraging dis-
turbance of an invasive animal and the population maintenance of an invasive
plant in a coastal dune ecosystem. We hypothesized that feral wild hog (Sus
scrofa) populations repeatedly utilized tubers of the clonal perennial, yellow
nutsedge (Cyperus esculentus) as a food source and evaluated whether hog activ-
ity promoted the long-term maintenance of yellow nutsedge populations on
St. Catherine’s Island, Georgia, United States. Using generalized linear mixed
models, we tested the effect of wild hog disturbance on permanent sites for yellow
nutsedge culm density, tuber density, and percent cover of native plant species
over a 12-year period. We found that disturbance plots had a higher number of
culms and tubers and a lower percentage of native live plant cover than undis-
turbed control plots. Wild hogs redisturbed the disturbed plots approximately
every 5 years. Our research provides demographic evidence that repeated foraging
disturbances by an invasive animal promote the long-term population mainte-
nance of an invasive clonal plant. Opportunistic facultative interactions such as
we demonstrate in this study are likely to become more commonplace as greater
numbers of introduced species are integrated into ecological communities around
the world.

and Kelly 2015; Prior et al. 2015) and (2) disturbance
whereby invasive animals alter habitat so that it favors

As invasive species are introduced into native communi-
ties around the world, they can facilitate the establish-
ment of other invasive species (Richardson et al. 2000;
Simberloff 2006). Simberloff and Von Holle (1999)
coined the term “invasional meltdown” to describe the
process by which this facilitation leads to the increased
success and further establishment of invasive species and
an eventual shift in community composition (Simberloff
2006). Examples of such positive invader—invader interac-
tions among plants and animals fall into two basic cate-
gories: (1) pollination/dispersal such as by an invasive
pollinator improving the reproduction of an invasive
plant, or an invasive animal preferentially eating and dis-
persing the seeds of an invasive plant (Simberloff and
Von Holle 1999; Richardson et al. 2000; Barthell et al.
2001; Goulson 2003; Traveset and Richardson 2006; Aizen
et al. 2008; Lafleur et al. 2009; Nunez et al. 2013; Beavon
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invasive plants (Hobbs and Huenneke 1992; Kotanen
1995; Lozon and Maclsaac 1997; Schiffman 1997; Sim-
berloff and Von Holle 1999; DiTomaso 2000; Vavra et al.
2007; Knight et al. 2009). Many examples of facilitation
through disturbance involve feral animals, particularly the
invasive non-native Sus scrofa Linnaeus, 1758 (wild hog)
(Spatz and Mueller-Dombois 1972; Stone 1985; Loope
et al. 1988; Vavra et al. 2007; Walter and Levin 2008;
Spear and Chown 2009; Firn et al. 2010). Wild hog forag-
ing disturbances, known as rooting, have generally been
shown to facilitate invasive plants (Spatz and Mueller-
Dombois 1972; Cushman et al. 2004; Tierney and Cush-
man 2006; Fujinuma and Harrison 2012; Barrios-Garcia
and Simberloff 2013); some examples of plants species
positively associated with wild hog disturbance in the
United States include Myrica faya (Stone and Taylor
1984; Simberloff and Von Holle 1999), Aira caryophyllea
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(Kotanen 1995), Sapium sebiferum (Siemann et al. 2009),
and Holcus lanatus (Spatz and Mueller-Dombois 1972).

The novel interactions associated with invasional melt-
downs involve facilitative processes between species that
promote population maintenance over time (Gurevitch
2006). While many have posited the existence of such
novel interactions, there have been few studies that pro-
vide the kind of demographic evidence of how such facili-
tative processes may be beneficial at the population level
(Gurevitch 2006; Simberloff 2006). It has been suggested
that invasive wild hog foraging disturbance may facilitate
and be encouraged by particular invasive plant species
(Stone 1985; Loope et al. 1988). Our study examined the
maintenance of Cyperus esculentus L. (yellow nutsedge)
populations over 12 years as a function of hog foraging
disturbance. Clonal perennial yellow nutsedge, a highly
successful invasive plant, can be found throughout the
contiguous United States (Bendixen and Nandihalli 1987;
Duncan and Duncan 1987). In the southeastern United
States, yellow nutsedge tubers are a preferred food of
invasive wild hogs, which will dig up large areas of soil to
unearth the tubers (Wood and Roark 1980; Graves 1984;
McAlister and McAlister 1993). In order to examine the
existence of a potential facilitative relationship between
yellow nutsedge and wild hogs, we tested the following
hypotheses: (1) Yellow nutsedge culm and tuber densities
are higher in hog disturbed areas, and disturbed areas
have a lower percent cover of native plant species and (2)
yellow nutsedge maintains higher densities in hog dis-
turbed areas over a multiyear period as a result of
repeated hog visitation to the same sites.

Methods

Species description

Yellow nutsedge is an invasive clonal perennial that is dis-
turbance-dependent (Bendixen and Nandihalli 1987; Dun-
can and Duncan 1987; Renne and Tracy 2007). The sedge
is thought to originate from Africa and Europe, and it
has been cultivated as food by humans from ancient
Egypt to present-day Africa and Europe (Linssen et al.
1989; Pascual et al. 2000; Defelice 2002). Yellow nutsedge
is now considered a common weed throughout the Uni-
ted States and is classified as non-native invasive in
coastal Georgia (Bendixen and Nandihalli 1987; Zomlefer
et al. 2008). Rhizomes grow vertically from tubers in the
spring and generate a basal bulb at the soil surface. Basal
bulbs produce shoots (culms) that include leaves, inflores-
cences, and roots. Culms also sprout horizontal rhizomes
during the growing season, which generate new culms,
forming large integrated clones (Wills et al. 1980; Stoller
1981). Throughout the growing season, but especially
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with shortened day length, rhizomes are stimulated to
grow downward and terminate in tubers (Stoller 1981;
Williams 1982). Yellow nutsedge is a prolific producer of
tubers, with a single individual able to produce over 600
tubers in 4 months (Webster 2005). By winter, all culms
have senesced, and a clone persists as a collection of dis-
connected tubers underground (Mulligan and Junkins
1976; Kelley 1990). These tubers can remain dormant for
up to three and a half years depending on soil depth
(Stoller and Wax 1973; Kelley and Fredrickson 1991).
Tuber dormancy can be broken following soil disturbance
(Kelley 1990; Kelley and Fredrickson 1991), but tuber
production becomes severely limited when subjected to
light competition with other plants (Stoller 1981; Stoller
and Sweet 1987).

Wild hogs are native to Eurasia, but have been intro-
duced to all continents except Antarctica (Graves 1984;
Long 2003). Male wild hogs are generally solitary when
not breeding, but females may form groups consisting of
up to four females and their piglets (Graves 1984). Breed-
ing is dependent on food availability and can continue
throughout the year, with the most frequent breeding
events occurring in the fall and winter (Graves 1984;
Baber and Coblentz 1986); litters consist of approximately
5 piglets (Graves 1984; Baber and Coblentz 1986). North
American predators on wild hogs include bears, wildcats,
and alligators, although hunting is the main pressure on
populations (Graves 1984). The diet of wild hogs in
southeastern coastal ecosystems varies throughout the
year, but is primarily made up of fruits, vegetation, and
underground plant material (Wood and Roark 1980).
Wild hogs use their snouts to forage for food under the
soil surface (Graves 1984), creating distinctive patches of
upturned soil and vegetation (Kotanen 1995). This distur-
bance typically affects the top 5 to 15 cm of the soil and
can range in extent from one meter to one hectare sized
patches, although smaller disturbances are more common
(Kotanen 1995). These disturbances have been shown to
disrupt natural communities and encourage the spread of
invasive species (Aplet et al. 1991; Kotanen 1995; Tierney
and Cushman 2006; Barrios-Garcia and Simberloff 2013).

Study area

Our study was conducted on St. Catherine’s Island, a
5600 ha barrier island located on the coast of Georgia,
USA. Like many barrier islands along the southeastern
coast, St. Catherine’s Island has a long history of prehis-
toric and historic land use (Thomas et al. 1978; Jones and
Coile 1988). Prior to 1860, half of the forests on the
island were converted to agricultural fields for the pur-
pose of growing Sea Island cotton (Gossypium barbadense
L.). The vegetation has also been logged, burned, and
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used for grazing animals. Plant communities on the island
have been transformed by mammalian herbivore activity
(Thomas et al. 1978). Between 1945 and 1975, the island
was used for extensive cattle ranching (Thomas et al.
1978; Jones and Coile 1988). More recently, extensive
browse by white-tailed deer (Odocoileus virginianus Zim-
merman, 1780) has caused regeneration failure within
woody plant communities (Evans and Keen 2013). Since
2005, forests on the island have been further altered by
the loss of a dominant woody species, redbay (Persea bor-
bonia (L.) Spreng.), as a result of the spread of laurel wilt
by an invasive pathogen-carrying insect, the redbay
ambrosia beetle (Xyleborus glabratus Eichhoff, 1877)
(Koch and Smith 2008; Evans et al. 2014). Wild hogs
were brought to the island in the 1930s as livestock (Tho-
mas et al. 1978; Jones and Coile 1988) that subsequently
became feral. Wild hogs have been associated with tree
recruitment failure in maritime forests on St. Catherine’s
Island (Evans and Keen 2013).

On the east side of the island, there are dune ridge and
swale systems undergoing early succession to woody plant
communities (Thomas et al. 1978; Jones and Coile 1988).
On coastal barrier islands including Florida, Georgia, and
Texas, yellow nutsedge inhabits open swales (McAlister
and McAlister 1993; J Evans personal observation), which
are interdunal depressions characterized by more stable
environmental conditions compared to surrounding dune
ridge and strand communities (Miller et al. 2010). Newly
formed swales occur as a result of shoreline accretion and
overwash disturbance processes associated with the ocean
side of the island (Hosier and Cleary 1977). Our study
was conducted in two dune swale sites: one on the north-
east corner of the island, known as the North Beach site
(31°41.075" N, 81°07.987” W), and the other on the east-
facing side, known as the McQueen’s Inlet site
(31°37.695" N, 81°07.987 "W). The two sites are sepa-
rated by forest, salt marsh, and inlets for a distance of
6.3 km. Dune swale vegetation at these sites was charac-
terized by a mixture of native perennial and annual
grasses (i.e., Spartina patens (Aiton) Muhl, Panicum
amarum Elliott, Cenchrus L. sp.), sedges (i.e., Fimbristylis
Vahl sp., Scirpus L. spp.), and forbs (i.e., Hydrocotyle
bonariensis Lam., Croton punctatus Jacq., Phyla nodiflora
(L.) Greene, Sabatia stellaris Pursh), along with isolated
clumps of the shrub Morella cerifera (L.) Small (J. Evans
unpubl. data; Jones and Coile 1988).

Field methods

In 1997, a 0.2 ha area at each study site was surveyed for
wild hog rooting disturbances. Each disturbance was
mapped and designated as a “disturbed plot” (North
Beach: n = 4; McQueen’s Inlet: n = 6). Adjacent to the
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“disturbed plots,” we established “undisturbed plots”
which were control plots of comparable size and eleva-
tion. Hog disturbances reoccurred in disturbed plots in
2002 and 2008. In years of disturbance (1997, 2002,
2008), we randomly subsampled the following variables in
each of the paired plots using 0.01 m* quadrats: yellow
nutsedge culm density, yellow nutsedge tuber density
(2002 and 2008 only), and percent live cover of native
species. The number of subsamples varied with size of
disturbance, and data were averaged so that there was
one value per disturbance. Tubers were extracted from
the middle of each random sample from an area of
225 cm? to a depth of 25 cm. In 2008, six additional
paired plots were added at North Beach (n = 10) and
four at McQueen’s Inlet (# = 10) to outline new wild hog
disturbances. No wild hog disturbances were observed in
undisturbed paired plots throughout the duration of the
study. To track the disturbance patterns over time, yellow
nutsedge culm density was randomly subsampled at
McQueen’s Inlet plots annually in June over a period of
thirteen years. Culm density categories were assigned
using the following classes (number per 0.1 m*): 0-2,
3-8, and >8.

Data analysis

To evaluate the effect of year and wild hog disturbance
on yellow nutsedge culm density and tuber density and
percent live cover of native species, we used the library
Ime4 (Thaka and Gentleman 1996; Bates et al. 2015a) in R
(R Development Core Team 2014) to fit generalized lin-
ear mixed models. As fixed effects, we used treatment
(undisturbed or disturbed) and year; as random effects,
we used beach site and replicate nested within each site.
Results may vary by beach site due to the differing envi-
ronmental conditions between the two sites; results may
vary by replicate as a result of microclimate, which may
consistently impact the growth of plants. Generalized lin-
ear mixed-effects models of counts of culms and tubers
were fit assuming an underlying Poisson distribution and
log link function. Linear mixed-effects models of percent
cover were evaluated (Bates et al. 2015a). A Shapiro-Wilk
test revealed a non-normal distribution of the percent
cover of yellow nutsedge (W = 0.97, P = 0.041), so arc-
sine transformations were applied. After transformations,
residual plots were approximately normally distributed
and did not reveal deviations from homoscedasticity.
Generalized linear mixed models were fit using the
Laplace approximation, and the linear mixed-effects
model was fit using residual maximum likelihood (Bates
et al. 2015b). For the mixed-effects models, we used the
Satterthwaite approximation to estimate the degrees of
freedom of our models (Kuznetsova et al. 2015). For the
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generalized mixed-effects models, we first assessed the
dispersion of our models using the ratio of the Pearson
chi-square to the residual degrees of freedom (Bolker
et al. 2009). If the data was overdispersed, we imple-
mented the Wald t-test that was also used for the linear
mixed-effects model (Bolker et al. 2009) and included a
random effect of observation number (Harrison 2014).
Effect sizes from the generalized linear mixed models were
back-transformed to account for the log link function.

Results

Density of culms and tubers in disturbed
and undisturbed plots

Counts of culm and tuber abundance indicated overdis-
persion. The ratio of the Pearson chi-square and residual
degrees of freedom resulted in a ratio of 1.92 for culms
and 4.25 for tubers. Variance associated with the random
effects in culm, tuber, and native cover models was small
and generally overlapped zero (Table 1).

After controlling for the effects of replicate and site, we
found significantly more yellow nutsedge culms in the
disturbed plots compared to the undisturbed. On average,
disturbed sites had 3.6 more culms than undisturbed sites
(95% CI: 2.25-4.93; t-value: 5.26, residual df = 73,
P <0.001). No variation associated with year was
detected (t-value: 2.20, df =73, P = 0.028;
Figs. 1a and 2a).

Tuber density trends confirmed that tubers were

residual

present before and after wild hog disturbance events in
disturbed areas, but in differing densities. Disturbed plots
had 2.5 more tubers than undisturbed plots (95% CI:
0.47-4.56), even directly after disturbance years (t-value:
2.41; residual df = 73, P = 0.016). Year had no significant
effect on tuber density (t-value: 0.98, residual df = 73,
P = 0.33; Figs. 1b and 2b).

Table 1. Summary of the random effects of replicates within sites
and beach sites.

Model Variance Standard deviation
Culms
Replicate <0.001 <0.001
Site <0.001 <0.001
Observation 0.406 0.637
Tubers
Replicate <0.001 <0.001
Site <0.001 <0.001
Observation 3.6 1.987
Live cover
Replicate <0.001 <0.001
Site 0.046 0.214
2572
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Figure 1. Mean number of yellow nutsedge (Cyperus esculentus L.)
culms (A), mean yellow nutsedge tuber density (B), and mean percent
native cover (C) = SE per 0.1 m? of undisturbed and disturbed plots
at McQueen’s Inlet. U represents undisturbed control plots, and D
represents disturbed plots.

On average, there was 39.3% less live cover of native
species in disturbed plots compared to undisturbed plots
after controlling for site and replicate (95% CI: 31.8—
46.8%; t-value: —5.25; df: 76, P < 0.001). Even though
year had no effect in our model, 2002 preceded a wild
hog disturbance event where we observed live cover of
native species to be 25% higher at the McQueen’s Inlet
disturbed plots (t-value: —0.34; df = 76, P = 0.74; Figs. 1c
and 2c¢).

Nutsedge population maintenance and hog
disturbance frequency

Disturbance areas at McQueen’s Inlet and North Beach
were observed each year from 1997 to 2009, revealing a
pattern of regular wild hog disturbance events. Wild hogs

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 2. Mean number of yellow nutsedge (Cyperus esculentus L.)
culms (A), mean yellow nutsedge tuber density (B), and mean percent
native cover (C) + SE per 0.1 m? of undisturbed and disturbed plots
at North Beach. U represents undisturbed control plots, and D
represents disturbed plots.

disturbed sites in 1997, 2003, and 2008, roughly every
5 years. The exact timing of the disturbance events
between yearly samples is not known. Annual trends of
culm density repeatedly showed a decrease in yellow nut-
sedge culms preceding a disturbance event and an
increase following disturbance. Yellow nutsedge culm
density in undisturbed plots was consistently in the 0-2
culms per 0.1 m?> category, whereas yellow nutsedge culm
density in disturbed plots fluctuated between having 0-2
to over 8 culms per 0.1 m> depending on the timing of
the last disturbance (Fig. 3).

Discussion

We found a significant positive association between root-
ing disturbances by invasive wild hog and the mainte-
nance of invasive yellow nutsedge populations on St.
Catherine’s Island. Over the 12-year period, culm and
tuber density was consistently higher in disturbed plots

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 3. Data showing vyellow nutsedge (Cyperus esculentus L.)
culm density at McQueen'’s Inlet comparing disturbed to undisturbed
plots. Categories are defined as follows: 0-2, 3-8, and »8 culms per
0.1 m?. Over the course of the 13-year period, disturbed plots
experienced hog activity on three separate occasions as indicated by
arrows.

compared to undisturbed plots, supporting our hypothe-
ses that wild hog rooting behavior facilitated the mainte-
nance of the yellow nutsedge populations. Wild hogs
returned to the disturbed plots approximately every
5 years and uprooted and eliminated plant cover of native
species. As a result, this disturbance promoted the vegeta-
tive growth of the remaining uneaten yellow nutsedge
tubers. The presence of recently dead culms in wild hog
rooting sites suggested that disturbances occurred prior to
the June sampling in that growing season. While there is
a clear pattern of site fidelity by wild hog populations,
the actual frequency may dependent on a number of fac-
tors associated with the rate at which the yellow nutsedge
populations rebound following disturbance, including
variable water availability during the growing season
(Bendixen and Nandihalli 1987) and rate of recoloniza-
tion by native species. Our results show that tuber density
was an order of magnitude greater than culm density in
disturbed sites. The yellow nutsedge population was
reestablished initially from remaining unconsumed tubers
that produced culms that spread rhizomatously, increas-
ing culm density throughout disturbed areas. In the first
year postdisturbance, the population was most likely rep-
resented more by culms rather than tubers. Our data sug-
gest that, in subsequent years, the tuber density rebounds,
with some tubers contributing to the next year’s culm
production, while others remain dormant. The increased
tuber density over time replenishes the food crop for the
wild hog population.

While several studies have shown that wild hogs can
facilitate the establishment of invasive plant species (Aplet
et al. 1991; Kotanen 1995; Tierney and Cushman 2006;
Barrios-Garcia and Simberloff 2013), these studies did not

2573



Long-term Promotion of Invasive Plant by Ungulate

observe or did not consider the importance of repeated
return intervals by wild hogs. Our long-term data provide
evidence of such facilitation as shown by the repeated
return interval to study sites and a positive density
response to the hog disturbance by yellow nutsedge. Tar-
diff and Stanford (1998) document a similar positive
interaction involving native species. They found that griz-
zly bears (Ursus arctos horribilis Ord. 1815) in Montana
create soil disturbances as they dig up glacier lily (Ery-
thronium grandiflorum Pursh) bulbs as food (Tardiff and
Stanford 1998). Grizzly bear foraging disturbances are
thought to be ecologically equivalent to wild hog distur-
bances (Work 1993; Tardiff and Stanford 1998; Sweitzer
and Van Vuren 2002; Palacio et al. 2013). The grizzly
bears miss some bulbs, which allow the glacier lily to
recolonize postdisturbance. The authors speculated that
increased nutrient content of the geophytes in these
disturbances may be the reason grizzly bears revisit the
sites, resulting in positive feedback (Tardiff and Stanford
1998).

Wild hog rooting disturbance in coastal systems can be
characterized as high intensity, but low frequency and
localized spatial extent (Kotanen 1995). The uprooting
and consumption associated with wild hog rooting activ-
ity results in major reduction in vegetative cover and the
disruption of soil processes. Wild hog activity creates
small patches of early successional conditions. Early suc-
cessional dunes have been shown to be characterized by
limited nitrogen availability that is highly patchy in its
distribution. Cain et al. (1999) suggest that such hetero-
geneous resource availability patterns select for spreading
rhizomatous species such as yellow nutsedge. Traits such
as foraging and physiological integration allow rhizoma-
tous clonal plants to maintain extensive clones in early
successional dunes and contribute to their success in these
systems (Evans 1991; Evans and Cain 1995). Our results
show that clonal growth generated from unconsumed
tubers, rather than seed dispersal and seedling recruit-
ment, promotes the long-term maintenance of yellow
nutsedge populations in response to wild hog disturbance.
Similar results were found by Kotanen (1995) where cer-
tain species were able to grow vegetatively in the distur-
bance for up to a year before competing with other
species that were established through seed, and it was
found that some geophytes remain in high densities,
despite being preferred food. However, other studies doc-
ument the importance of seedling establishment in wild
hog disturbances (Kotanen 1995; Cushman et al. 2004;
Tierney and Cushman 2006; Barrios-Garcia and Sim-
berloff 2013).

Simberloff (2006) and Gurevitch (2006) point to the
lack of demographic evidence in studies that purport
facilitation between invasive species. Our documentation
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of a clear population-level benefit for yellow nutsedge as
a result of repeated hog disturbance fulfills this expecta-
tion. However, we recognize that in order to provide
evidence for an invader—invader mutualism, a popula-
tion-level benefit must be documented for both partners
(Simberloff 2006). In our case, this would be very difficult
because wild hogs on islands along the coast of Georgia
are subject to population management (Jones and Coile
1988; Hamrick et al., 2011), and given the omnivorous
behavior of hogs, it would be hard to isolate the popula-
tion-level consequences of a single food source without
experimental manipulation. However, due to the nutritive
nature of this relationship and repeated visitation of sites,
it can be expected that wild hogs benefit from the con-
sumption of yellow nutsedge tubers. Not only are yellow
nutsedge tubers a preferred food of wild hogs (Wood and
Roark 1980; Graves 1984; McAlister and McAlister 1993),
but Palacio et al. (2013) show that wild hog rooting
increases the size and nutrient content in remaining
geophytes, as was the case in the previously mentioned
grizzly bear-glacier lily example (Tardiff and Stanford
1998). This may provide reason for the return interval of
wild hog visits to previously rooted sites (Palacio et al.
2013).

Invader—invader or invader—native positive interactions
involving plants can be formed in a variety of ways (Tra-
veset and Richardson 2011, 2014). Coevolved invasive
mutualists may invade a new environment together such
as seen in invasive figs (Ficus L. spp.) and their wasp
mutualists in New Zealand (Gardner and Early 1996). An
invasive species may act as a surrogate for an ecologically
similar native partner and facilitate seed dispersal or polli-
nation (Goulson 2003; Traveset and Richardson 2006,
2011; Mondor and Addicott 2007; Aizen et al. 2008;
Burns 2012). More rarely, species may form novel interac-
tions for which there has been no previous partner
(Richardson et al. 2000; Traveset and Richardson 2011).
Richardson et al. (2000) describes an example of this type
of interaction that has recently formed between an inva-
sive wind-dispersed pine and a bird that now disperses its
seeds in Australia. We believe our study represents
another example of this type of interaction. Yellow nut-
sedge and wild hogs have formed an opportunistic facul-
tative interaction in a new environment. It is difficult to
predict where these new interactions will form (Richard-
son et al. 2000), but they will undoubtedly become more
common as greater numbers of invasive species integrate
into native communities in the future.

There are numerous examples of positive interactions
in which one partner promotes and protects the other as
a food source (Farji-Brener and Illes 2000; Mueller and
Gerardo 2002; Hata and Kato 2004; Brock et al. 2011;
Pion et al. 2013; Casey et al. 2014). These have been
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termed “farming” mutualisms. Farming mutualisms are
either high-level, where the animal and crop have coe-
volved such that the animal plants, fertilizes, and defends
crops, or low-level, where animals simply disturb ecosys-
tems through foraging activity, resulting in the promotion
of a species that is suited to thrive in the disturbance (Sil-
liman and Newell 2003). Recently, invader—native mutu-
alisms  between ants and  honeydew-producing
hemipterans have highlighted the fact that these farming
interactions need not be obligate or between native spe-
cies (Lach 2007; Mondor and Addicott 2007; Styrsky and
Eubanks 2010). In this case, the ants acted as a surrogate
(preadapted) for a native mutualist (Mondor and Addi-
cott 2007). Because the act of harvesting yellow nutsedge
is also a form of tending, wild hog behavior in its rela-
tionship to the vyellow nutsedge population can be
thought of as an invader—invader example of low-level
farming as defined by Silliman and Newell (2003).

This is not the first instance of the promotion and har-
vesting of yellow nutsedge by an animal. Yellow nutsedge
was one of the first agricultural crops domesticated by
humans, and a variant (C. esculentus var. sativus Boeckl.)
is still grown around the world today both for human
and livestock (including wild hogs) consumption (Pascual
et al. 2000; Defelice 2002). The utilization of yellow nut-
sedge in an ancient agricultural context is likely related to
the fact that it is an easily propagated clonal species
(Defelice 2002). This clonal life history is also taken
advantage of by wild hogs. In summary, the act of wild
hogs rooting for yellow nutsedge tubers results in an
incomplete harvest, where some tubers are eaten and
others remain in the disturbed environment. The soil dis-
turbance by wild hogs serves the dual function of elimi-
nating other live plant cover and reestablishing the
perpetuation of future yellow nutsedge crops. Our study
provides demographic evidence of how the activity of one
invasive species can promote the population maintenance
of another invasive species. Opportunistic facultative
interactions such as demonstrated here are likely to
become more commonplace as greater numbers of intro-
duced species are integrated into ecological communities
around the world.

Acknowledgments

We thank the St. Catherine’s Island Foundation for per-
mission to conduct the study and the University of the
South for support. We thank C. Croom, L. Barton, A.
Ingemarsson, and C. Gray for field assistance. We espe-
cially thank K. Cecala for statistical assistance. We thank
K. Cecala, D. Haskell, K. Zigler, B. Scheffers, K. Hiers,
and J. Casey for comments that improved and clarified
the manuscript.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Long-term Promotion of Invasive Plant by Ungulate

Conflict of Interest

None declared.

References

Aizen, M. A., C. L. Morales, and J. M. Morales. 2008. Invasive
mutualists erode native pollination webs. PLoS Biol. 6:¢31.

Aplet, G. H., S. J. Anderson, and C. P. Stone. 1991.
Association between feral pig disturbance and the
composition of some alien plant assemblages in Hawaii
Volcanoes National Park. Vegetatio 95:55-62.

Baber, D. W, and B. E. Coblentz. 1986. Density, home range,
habitat use, and reproduction in feral pigs on Santa Catalina
Island. J. Mammal. 67:512-525.

Barrios-Garcia, M. N., and D. Simberloff. 2013. Linking
the pattern to the mechanism: how an introduced
mammal facilitates plant invasions. Austral Ecol. 38:884—
890.

Barthell, J. F,, J. M. Randall, R. W. Thorp, and A. M. Wenner.
2001. Promotion of seed set in yellow star-thistle by honey
bees: evidence of an invasive mutualism. Ecol. Appl.
11:1870-1883.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015a. Ime4:
Linear mixed-effects models using Eigen and S4. R package
version 1.1-9.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015b.
Fitting linear mixed-effects models using Ime4. arXiv
preprint arXiv:1406.5823.

Beavon, M. A., and D. Kelly. 2015. Dispersal of banana
passionfruit (Passiflora tripartita var. mollissima) by exotic
mammals in New Zealand facilitates plant invasiveness. N.
Z.J. Ecol. 39:43-49.

Bendixen, L. E., and U. B. Nandihalli. 1987. Worldwide
distribution of purple and yellow Nutsedge (Cyperus
rotundus and C. esculentus). Weed Technol. 1:61-65.

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R.
Poulsen, M. H. H. Stevens, et al. 2009. Generalized linear
mixed models: a practical guide for ecology and evolution.
Trends Ecol. Evol. 24:127-135.

Brock, D. A., T. E. Douglas, D. C. Queller, and J. E.
Strassmann. 2011. Primitive agriculture in a social amoeba.
Nature 469:393-396.

Burns, K. C. 2012. Are introduced birds unimportant
mutualists? A case study of frugivory in European blackbirds
(Turdus merula). N. Z. J. Ecol. 36:171-176.

Cain, M. L., S. Subler, J. P. Evans, and M. J. Fortin. 1999.
Sampling spatial and temporal variation in soil nitrogen
availability. Oecologia 118:397—404.

Casey, J. M., T. D. Ainsworth, J. H. Choat, and S. R.
Connolly. 2014. Farming behaviour of reef fishes
increases the prevalence of coral disease associated
microbes and black band disease. Proc. R. Soc. Biol. Sci.
281:20141032.

2575



Long-term Promotion of Invasive Plant by Ungulate

Cushman, J. H., T. A. Tierney, and J. M. Hinds. 2004.
Variable effects of feral pig disturbance on native and exotic
plants in a California grassland. Ecol. Appl. 14:1746-1756.

Defelice, M. S. 2002. Yellow nutsedge Cyperus esculentus L.-
snack food of the gods. Weed Technol. 16:901-907.

DiTomaso, J. M. 2000. Invasive weeds in rangelands: species,
impacts, and management. Weed Sci. 48:255-265.

Duncan, W. H., and M. B. Duncan. 1987. The Smithsonian
guide to seaside plants of the Gulf and Atlantic Coasts.
Smithsonian Institution Press, Washington, DC.

Evans, J. P. 1991. The effect of resource integration on fitness
related traits in a clonal dune perennial, Hydrocotyle
bonariensis. Oecologia 86:268-275.

Evans, J. P., and M. L. Cain. 1995. A spatially explicit test of
foraging behavior in a clonal plant. Ecology 76:1147—-1155.

Evans, J. P., and E. M. Keen. 2013. Regeneration failure in a
remnant stand of pignut hickory (Carya glabra) on a
Protected Barrier Island in Georgia, USA. Nat. Areas J.
33:171-176.

Evans, J. P., B. R. Scheffers, and M. Hess. 2014. Effect of laurel
wilt invasion on redbay populations in a maritime forest
community. Biol. Invasions 16:1581-1588.

Farji-Brener, A. G., and A. E. Illes. 2000. Do leaf-cutting ant
nests make “bottom-up” gaps in neotropical rain forests?: a
critical review of the evidence. Ecol. Lett. 3:219-227.

Firn, J., A. P. N. House, and Y. M. Buckley. 2010. Alternative
states models provide an effective framework for invasive
species control and restoration of native communities. J.
Appl. Ecol. 47:96-105.

Fujinuma, J., and R. D. Harrison. 2012. Wild pigs (Sus scrofa)
mediate large-scale edge effects in a lowland tropical
rainforest in Peninsular Malaysia. PLoS ONE 7:e37321.

Gardner, R. O., and J. W. Early. 1996. The naturalisation of
banyan figs (Ficus spp., Moraceae) and their pollinating
wasps (Hymenoptera: Agaonidae) in New Zealand. NZ J.
Bot. 34:103-110.

Goulson, D. 2003. Effects of introduced bees on native
ecosystems. Annu. Rev. Ecol. Evol. Syst. 34:1-26.

Graves, H. B. 1984. Behavior and ecology of wild and feral
swine (Sus scrofa). J. Anim. Sci. 58:482—492.

Gurevitch, J. 2006. Commentary on Simberloff (2006):
meltdowns, snowballs and positive feedbacks. Ecol. Lett.
9:919-921.

Hamrick, B., T. Campbell, B. Higginbotham, and S. Lapidge.
2011. Managing an Invasion: Effective Measures To Control
Wild Pigs. USDA National Wildlife Research Center - The
Wildlife Professional, Summer 2011:41—42.

Harrison, X. A. 2014. Using observation-level random effects
to model overdispersion in count data in ecology and
evolution. Peer] 2:e616.

Hata, H., and M. Kato. 2004. Monoculture and mixed-species
algal farms on a coral reef are maintained through intensive
and extensive management by damselfishes. J. Exp. Mar.
Biol. Ecol. 313:285-296.

2576

C. A. Oldfield & J. P. Evans

Hobbs, R. J., and L. F. Huenneke. 1992. Disturbance, and
invasion: implications for conservation. Conserv. Biol.
6:324-337.

Hosier, P. E., and W. J. Cleary. 1977. Cyclic geomorphic
patterns of washover on a barrier island in southeastern
North Carolina. Environ. Geol. 2:23-31.

Thaka, R., and R. Gentleman. 1996. R: a language for data
analysis and graphics. J. Comput. Graph. Stat. 5:299-314.

Jones, S. B., and N. C. Coile. 1988. The distribution of the
vascular Flora of Georgia. University of Georgia, Athens.

Kelley, J. R. 1990. Biomass production of chufa (Cyperus
esculentus) in a seasonally flooded wetland. Wetlands 10:61—
67.

Kelley, J. R., and L. H. Fredrickson. 1991. Chufa biology and
management. Managing waterfowl habitats: breeding,
migration, wintering. United States Fish and Wildlife
Service, Office of Information Transfer. Fort Collins, CO.

Knight, T. M,, J. L. Dunn, L. A. Smith, J. Davis, and S. Kalisz.
2009. Deer facilitate invasive plant success in a Pennsylvania
forest understory. Nat. Areas J. 29:110-116.

Koch, F. H,, and W. D. Smith. 2008. Spatio-temporal analysis
of Xyleborus glabratus (Coleoptera: Circulionidae:
Scolytinae) invasion in eastern U.S. forests. Environ.
Entomol. 37:442-452.

Kotanen, P. M. 1995. Responses of vegetation to a changing
regime of disturbance: effects of feral pigs in a Californian
coastal prairie. Ecography 18:190-199.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen.
2015. ImerTest: Tests in linear mixed effects models. R
package version 2.0-29.

Lach, L. 2007. A mutualism with a native membracid
facilitates pollinator displacement by Argentine ants. Ecology
88:1994-2004.

Lafleur, N., M. Rubega, and J. Parent. 2009. Does frugivory by
European starlings (Sturnus vulgaris) facilitate germination
in invasive plants? J. Torrey Bot. Soc. 136:332—-341.

Linssen, J. P. H., J. L. Cozijnsen, and W. Pilnik. 1989. Chufa
(Cyperus esculentus): a new source of dietary fibre. J. Sci.
Food Agric. 49:291-296.

Long, J. L. 2003. Introduced mammals of the world: their
history, distribution, and influence. CSIRO Publishing,
Collingwood, Victoria, Australia.

Loope, L., O. Hamann, and C. Stone. 1988. Comparative
conservation biology of oceanic Archipelagoes: Hawaii and
the Galdpagos. Bioscience 38:272-282.

Lozon, J. D., and H. J. Maclsaac. 1997. Biological invasions:
are they dependent on disturbance? Environ. Rev. 5:131—
144.

McAlister, W. H., and M. K. McAlister. 1993. A naturalist’s
guide to Matagorda Island. University of Texas Press,
Austin.

Miller, T. E., E. S. Gornish, and H. L. Buckley. 2010. Climate
and coastal dune vegetation: disturbance, recovery, and
succession. Plant Ecol. 206:97-104.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



C. A. Oldfield & J. P. Evans

Mondor, E. B., and J. F. Addicott. 2007. Do exaptations
facilitate mutualistic associations between invasive and
native species. Biol. Invasions 9:623—628.

Mueller, U. G., and N. Gerardo. 2002. Fungus-farming insects:
multiple origins and diverse evolutionary histories. Proc.
Natl Acad. Sci. USA 99:15247-15249.

Mulligan, G. A., and B. E. Junkins. 1976. Biology of Canadian
weeds 17. Cyperus esculentus L. Can. J. Plant Sci. 56:339-350.

Nunez, M. A., J. Hayward, T. R. Horton, G. C. Amico, R. D.
Dimarco, M. N. Barrios-Garcia, et al. 2013. Exotic mammals
disperse exotic fungi that promote invasion by exotic trees.
PLoS ONE 8:e66832.

Palacio, S., C. G. Bueno, J. Azorin, M. Maestro, and D.
Go6mez-Garcia. 2013. Wild-boar disturbance increases
nutrient and C stores of geophytes in subalpine grasslands.
Am. J. Bot. 100:1790-1799.

Pascual, B., J. V. Maroto, S. L6Pez-Galarza, A. Sanbautista,
and J. Alagarda. 2000. Chufa (Cyperus esculentus L. var.
sativus boeck.): an unconventional crop. Studies related to
applications and cultivation. Econ. Bot. 54:439—-448.

Pion, M., J. E. Spangenberg, A. Simon, S. Bindschedler, C.
Flury, A. Chatelain, et al. 2013. Bacterial farming by the
fungus Morchella crassipes. Proc. R. Soc. Biol. Sci.
280:20132242.

Prior, K. M., J. M. Robinson, S. A. M. Dunphy, and M. E.
Frederickson. 2015. Mutualism between co-introduced
species facilitates invasion and alters plant community
structure. Proc. R. Soc. Biol. Sci. 282:20142846.

R Development Core Team (2014) R: A language and
environment for statistical computing. R Foundation for
Statistical Computing. Vienna, Austria. ISBN 3-900051-07-0,
URL http://www.R-project.org.

Renne, I J., and B. F. Tracy. 2007. Disturbance persistence in
managed grasslands: shifts in aboveground community
structure and the weed seed bank. Plant Ecol. 190:71-80.

Richardson, D. M., N. Allsopp, C. M. D’Antonio, S. J. Milton,
and M. Rejmdnek. 2000. Plant invasions—the role of
mutualisms. Biol. Rev. Camb. Philos. Soc. 75:65-93.

Schiffman, P. M. 1997. Animal-mediated dispersal and
disturbance: driving forces behind alien plant naturalization.
Pp. 87-94 in J. O. Luken and J. W. Thieret, eds. Assessment
and management of plant invasions. Springer, New York.

Siemann, E., J. A. Carrillo, C. A. Gabler, R. Zipp, and W. E.
Rogers. 2009. Experimental test of the impacts of feral hogs
on forest dynamics and processes in the southeastern US.
For. Ecol. Manage. 258:546-553.

Silliman, B. R., and S. Y. Newell. 2003. Fungal farming in a
snail. Proc. Natl Acad. Sci. USA 100:15643-15648.

Simberloff, D. 2006. Invasional meltdown 6 years later:
important phenomenon, unfortunate metaphor, or both?
Ecol. Lett. 9:912-919.

Simberloff, D., and B. Von Holle. 1999. Positive interactions
of nonindigenous species: invasional meltdown? Biol.
Invasions 1:21-32.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Long-term Promotion of Invasive Plant by Ungulate

Spatz, G., and D. Mueller-Dombois. 1972. Succession patterns
after pig digging in grassland communities on Mauna Loa,
Hawaii. Island Ecosystems IRP, U.S. International Biological
Program, Technical Report No. 15, Department of Botany,
University of Hawaii, Honolulu, Hawaii.

Spear, D, and S. L. Chown. 2009. Non-indigenous ungulates
as a threat to biodiversity. J. Zool. 279:1-17.

Stoller, E. W. 1981. Yellow nutsedge: a menance in the Corn
Belt. US Department of Agriculture, Agricultural Research
Service Technical Bulletin 1642.

Stoller, E. W., and R. D. Sweet. 1987. Biology and life cycle of
purple and yellow nutsedges (Cyperus rotundus and C.
esculentus). Weed Technol. 1:66-73.

Stoller, E. W., and L. M. Wax. 1973. Yellow nutsedge shoot
emergence and tuber longevity. Weed Sci. 21:76-81.

Stone, C. P. 1985. Alien animals in Hawaii’s native ecosystems:
toward controlling the adverse effects of introduced
vertebrates. Pp. 251-297 in C. P. Stone, and J. M. Scott, eds.
Hawaii’s terrestrial ecosystems: preservation and
management. Cooperative National Park Resources Studies
Unit, University of Hawaii, Honolulu.

Stone, C. P., and D. D. Taylor. 1984. Status of Feral Pig
Management and Research in Hawaii Volcanoes National
Park. Pp. 106-117 in C. W. Smith, ed. Proceedings of the
fifth conference in natural sciences Hawaii Volcanoes
National Park. University of Hawaii at Manoa, Department
of Botany, Honolulu, Hawaii.

Styrsky, J. D., and M. D. Eubanks. 2010. A
facultative mutualism between aphids and an invasive
ant increases plant reproduction. Ecol. Entomol. 35:190—
199.

Sweitzer, R., and D. Van Vuren. 2002. Rooting and foraging
effects of wild pigs on tree regeneration and acorn survival
in California’s oak woodland ecosystems. USDA For. Ser.
Gen. Tech. Rep 184:219-231.

Tardiff, S. E., and J. A. Stanford. 1998. Grizzly bear digging:
effects on subalpine meadow plants in relation to mineral
nitrogen availability. Ecology 79:2219-2228.

Thomas, D. H., G. D. Jones, R. S. Durham, and C. S. Larsen.
1978. The anthropology of St. Catherine’s Island. 1, Natural
and cultural history. Anthropol. Pap. Am. Mus. Nat. Hist.
55:159-248.

Tierney, T. A., and J. H. Cushman. 2006. Temporal changes in
native and exotic vegetation and soil characteristics
following disturbances by feral pigs in a California
grassland. Biol. Invasions 8:1073-1089.

Traveset, A., and D. M. Richardson. 2006. Biological invasions
as disruptors of plant reproductive mutualisms. Trends Ecol.
Evol. 21:208-216.

Traveset, A., and D. M. Richardson. 2011. Mutualisms: key
drivers of invasions key casualties of invasions. Pp. 143—
160 in D. M. Richardson, ed. Fifty years of invasion
ecology: the legacy of Charles Elton. Wiley-Blackwell,
Oxford.

2577


http://www.R-project.org

Long-term Promotion of Invasive Plant by Ungulate

Traveset, A., and D. M. Richardson. 2014. Mutualistic
interactions and biological invasions. Annu. Rev. Ecol. Evol.
Syst. 45:89-113.

Vavra, M., C. G. Parks, and M. J. Wisdom. 2007. Biodiversity,
exotic plant species, and herbivory: the good, the bad, and
the ungulate. For. Ecol. Manage. 246:66-72.

Walter, H. S., and G. A. Levin. 2008. Feral sheep on Socorro
Island: facilitators of alien plant colonization and ecosystem
decay. Divers. Distrib. 14:422—431.

Webster, T. M. 2005. Mulch type affects growth and
tuber production of yellow nutsedge (Cyperus esculentus)
and purple nutsedge (Cyperus rotundus). Weed Sci.
53:834-838.

Williams, R. D. 1982. Growth and reproduction of
Cyperus esculentus L. and Cyperus rotundus L. Weed Res.
22:149-154.

2578

C. A. Oldfield & J. P. Evans

Wills, G. D., R. E. Hoagland, and R. N. Paul. 1980. Anatomy of
yellow nutsedge (Cyperus esculentus). Weed Sci. 28:432-437.

Wood, G. W., and N. D. Roark. 1980. Food habits of feral
hogs in coastal South Carolina. J. Wildl. Manag. 44:506-511.

Work, G. 1993. A rancher’s view of the wild pig as an
economic and ecological asset to the ranching enterprise.
Pp. 25-26. Conference summaries of the wild pig in
California oak woodland: ecology and economics. University
of California, Berkley.

Zomlefer, W. B., D. E. Giannasi, K. A. Bettinger, S. L. Echols,
and L. M. Kruse. 2008. Vascular plant survey of
Cumberland Island National seashore, Camden County,
Georgia. Castanea 73:251-282.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



