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Abstract. Many attempts have been made to link invasions of exotic plants to specific
plant traits and key attributes of invaded ecosystems. While these factors play a role in
determining the potential for invasion, they are often inadequate in predicting the success
of a specific invasion. We show that interactions of an invasive grass with other members
of the community determine the local pattern of invasion. A fungus, Ulocladium atrum,
aids the establishment of barbed goatgrass (Aegilops triuncialis) by weakening the grass’s
tough seed head, thereby accelerating germination and seedling establishment. In contrast,
gophers, Thomomys bottae, decrease establishment of this invader by selectively burying
patches of goatgrass seedlings under mounds. Plants that survive these gopher disturbances
produce seeds that are uninfected by Ulocladium atrum, which may further decrease the
establishment of the next generation of goatgrass. A field survey indicated that goatgrass
achieves dominance in areas with minimal gopher disturbance, but has limited establishment
in pastures with high gopher activity, indicating that the landscape pattern of gopher activity
influences patterns of goatgrass invasion by manipulating gopher–plant–fungal interactions.
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mination; goatgrass; plant invasion; pocket gophers; species interactions, role in plant invasion;
Thomomys bottae; Ulocladium atrum.

INTRODUCTION

The invasion of exotic plant species can have major
impacts on natural and managed systems, with large
negative consequences for conservation of native spe-
cies, diversity, and the economy (Mack 1996, Mooney
and Hobbs 2000). The globalization of trade and travel
has dramatically increased the introduction of exotic
species, and consequently the invasion of these species
has become one of the most pressing global-change
issues (Lovel 1997, Mooney and Hobbs 2000). In order
to stem this influx of invasive species, it is critical to
determine the mechanisms responsible for successful
invasions. Most research has focused on predicting in-
vasions based on plant traits that characterize success-
ful invaders (e.g., high growth rate, high allocation to
reproduction [Newsome and Noble 1986, Noble 1989,
Hobbs and Humphries 1995, Rejmanek 1995]), and
characteristics of invaded ecosystems (e.g., disturbance
[Orians 1986, Hobbs and Huenneke 1992, Hobbs and
Humphries 1995] and diversity [Tilman 1997, Levine
2000]). Any of these factors can determine the potential
of a species to invade, but often cannot be used to
predict if a species will actually invade (Mack et al.
2000). Here we argue that, when a species has the
potential to invade a site, its successful establishment
ultimately is determined by its interactions with other
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members of the community. The success of some in-
vasive species due to release from natural enemies is
a clear example of the importance of biological inter-
actions in invasions (Mack et al. 2000), but other types
of species interactions can be important as well.

Aegilops triuncialis (barbed goatgrass) is an aggres-
sive exotic annual grass that is invading central and
northern California (USA) annual grasslands. This
grass is capable of establishing in a variety of sites,
ranging from deep fertile soils to shallow rocky soils.
It is even capable of invading serpentine soils (Cali-
fornia Exotic Pest Plant Council 1999), which have
largely resisted invasions by many exotic plants due to
their low nutrients, high Mg/Ca ratio, low water-hold-
ing capacity, and possible heavy metal toxicity (Huen-
neke et al. 1990). Although goatgrass is capable of
establishing in a wide variety of sites, its ability to
dominate a site varies greatly, even among neighboring
fields (V. T. Eviner, personal observation). The mech-
anisms responsible for determining patterns of invasion
of the same species across different sites in the same
ecosystem could be critical additions to the current
framework for predicting invasion success. Since pat-
terns of goatgrass invasion vary locally, they are un-
likely to be determined by coarse-scale environmental
factors or dispersal limitation. However, there are dif-
ferences in the local environment or distribution of
other organisms that might influence the establishment
of goatgrass. In particular, there is considerable spatial
variability associated with the presence of a fungus,
Ulocladium atrum, which infects the seed head of this
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invasive grass. Furthermore, the distribution of pocket
gophers varies across the landscape due to variation in
soil depth (Howards and Childs 1959). We propose that
these other organisms might determine the local in-
vasion patterns of goatgrass.

Goatgrass seeds normally germinate by breaking
through their intact seed head (Peters et al. 1996),
which is thick and woody. This seed head substantially
delays germination, compared with germination of
seeds removed from their spike (Peters 1994). The fun-
gus, Ulocladium atrum, is often associated with the
seed head of goatgrass. Ulocladium fungi produce cel-
lulolytic enzymes (Srivastav and Srivastav 1986) and
break down lignin (Almendros and Martinez 1987) and
may weaken the seed head and possibly quicken ger-
mination of goatgrass. Alternatively, this fungus could
act as a pathogen and decrease the establishment of
goatgrass by decreasing seed size and survival.

Gophers are an important component of California
grasslands. On average they disturb 26% of the soil
surface annually (Hobbs and Mooney 1991). Soil dis-
turbance by gophers can have large effects on plant
community composition (Hobbs and Mooney 1985,
1991, Huntly and Inouye 1988, Martinsen et al. 1990,
Huntly and Reichman 1994) and may increase invasion
by creating sites for establishment of exotic species
(Hobbs and Mooney 1991, Kotanen 1997). Gophers can
also exert their effects on plant community composition
by selectively disturbing patches of certain plant spe-
cies (Tilman 1983).

The purpose of this study was to investigate the roles
of U. atrum and gophers on the establishment of goat-
grass and to determine if these biotic interactions could
account for the spatial variability in the invasion suc-
cess of this grass.

METHODS

Field site

This research took place in the California (USA)
annual grassland at the University of California Hop-
land Research and Extension Center in the northern
coastal mountains of Mendocino County (160 km north
of San Francisco, 398009 N latitude, 1238049 W lon-
gitude).

Study organisms

Barbed goatgrass (Aegilops triuncialis L. [nomen-
clature according to Hickman 1993]) is an aggressive
invasive species and has been classified as a noxious
weed in California and Oregon, USA (USDA Agri-
culture Research Service, USDA Invader Database
System: Noxious weeds in the US and Canada).4 This
grass is native to Northern Africa, Asia, the Middle
East, and Europe (van Slageren 1994). Its tough seed
heads decrease the number and delay the timing of
germinating seeds (Peters 1994), but may provide a

4 URL: ^http://invader.dbs.umt.edu/noxious weeds&

number of advantages in the native habitat of goatgrass.
The seed head is responsible for dormancy of some
goatgrass seeds (Peters et al. 1996), which can be crit-
ical for the persistence of annual species (Foley 2002).
In addition, this tough seed head protects seeds from
fire (Hopkinson et al. 1999) and ingestion by animals
(Lyon et al. 1992), both of which are prevalent in the
native habitat of goatgrass.

Ulocladium atrum (nomenclature according to IMI
[1995]) is a dematiaceous hyphomycetes that is found
in a wide variety of geographic areas, including Africa,
North America, South America, Asia, the Middle East,
Australia, and Europe (IMI 1995). It is a very common
fungus throughout these regions, and can be found on
the leaves (Abdel-Hafez 1985, Kohl et al. 1995), twigs
(Agarwal et al. 1993), seeds (Hashmi 1988, Hashmi et
al. 1990, Lilja et al. 1995) and roots (Taheri et al. 1994,
Hashem and Al-Farraj 1995) of a variety of plants, as
well as in the soil (Eastburn and Butler 1988) and in
airborne dust (Abdel-Hafez et al. 1993, IMI 1995). It
is likely that this fungus is associated with Aegilops
triuncialis in its native habitat since the geographic
ranges of these species overlap, and Ulocladium atrum
is frequently found on many plants, including on the
roots (Taheri et al. 1994) and straw (Almendros et al.
1987) of wheat, whose close relation to Aegilops allows
these species to hybridize (Crampton 1974). The dark
fungal lesions of U. atrum that we observe on A. triun-
cialis seed heads are common on Aegilops species in
Japan, and are often a key attribute in the classification
of these grasses (H. Tsujimoto, personal communica-
tion).

Infection of A. triuncialis seed heads with U. atrum
was evident in California grasslands, but there were no
visible signs of fungal presence associated with seeds
of other grassland species. There are two distinct char-
acteristics of A. triuncialis that may account for its
unique association with U. atrum in our system. A.
triuncialis has tough glumes that form a woody seed
head, which is a likely substrate for U. atrum, a com-
petitive saprobe (Kohl et al. 1995) with cellulolytic
capabilities (Almendros and Martinez 1987). This fun-
gus is known to establish on similar tough seed heads,
including sunflower seeds (Shtienberg 1994). There
was no visible evidence of U. atrum infection on the
other dominant plants in our system, which have seeds
surrounded by very thin glumes. The unique associa-
tion of A. triuncialis with U. atrum may also be attribut-
ed to the structure of this plant. The culms of young
A. triuncialis plants are solid, but become hollow with
age (Kennedy 1928). As the plant senesces, this dark
fungus spreads up to the seed head from the soil
through the inside of this hollow culm (V. T. Eviner,
personal observation; see Plate 1).

The effect of Ulocladium atrum on goatgrass

In order to determine the effects of the fungus U.
atrum on goatgrass we investigated how this fungus



122 VALERIE T. EVINER AND F. STUART CHAPIN, III Ecology, Vol. 84, No. 1

PLATE 1. (Left) Aegilops seed heads with (top) and without (bottom) the fungus Ulocladium atrum (scale bar shows 1
cm). This fungus is detectable as dark lesions on the seed head. U. atrum weakens the seed head and enhances germination
rates, while germination of seeds without the fungus is significantly delayed. (Right) In a California annual grassland, 360
1-m2 plots containing 24 different plant treatments were established. Gophers selectively disturbed plots containing Aegilops
triuncialis. Photographs by Valerie Eviner.

altered seed number, mass, and germination, as well as
the overall establishment of goatgrass. Infections of
this fungus are visible as black lesions on the surface
of the seed head, allowing visual determinations of
infection rates (Kennedy 1928). Each culm of goatgrass
produces one seed head (spike) that typically contains
3–6 seeds. At maturity, the seeds within a spike are
dispersed as a single unit, and they germinate from
within this intact seed head. Because of this, most of
these experiments were performed using individual
seed heads as the experimental unit, rather than indi-
vidual seeds.

Fungal effects on seed number and mass.—Seed
heads were collected from the field in order to plant
plots of Aegilops for a separate experiment. Over
300 000 seed heads were collected, and of these we
randomly selected fifty from each of three categories:
(1) no visible fungal infection, (2) intermediate rates
of fungal infection (fungal presence, but no obvious
weakening of the seed head), and (3) high fungal in-
fection (most of the seed head covered with fungal
lesions, which substantially weakened the seed head).
It is likely that many of the seed heads without visible
infection carried some fungal innoculum, since traces
of fungi were detectable once seeds were wet up for
germination. Seeds were removed from the seed head,
counted, and individually weighed.

Fungal effects on seed germination.—Germination
rates were determined in the laboratory for seed heads
with an intermediate rate of infection by U. atrum,
uninfected seed heads, and seeds removed from un-
infected seed heads (200 of each treatment). The latter
treatment utilized the two seeds at the base of the seed
head, which are the seeds that are most likely to ger-
minate within the seed head. We only used seed heads
infected at an intermediate rate, since this is almost
exclusively the observed infection level in the field,
and we did not have enough heavily infected seed heads

to include them in this experiment. Seed heads were
germinated separately for each treatment in order to
minimize fungal contamination. Fifty seed heads were
placed on a 2-mm sieve lined with moist paper towels
(four sieves per treatment). High seed moisture was
maintained by continuously dripping water onto the
paper towels. Germinating seed heads were counted
each day.

Fungal effects on establishment of goatgrass in the
field.—In order to determine the net effect of U. atrum
on seedling establishment and growth, seed heads that
were uninfected or were infected at an intermediate rate
were planted in the field in 0.5 3 0.5 m plots (n 5 5
replicate plots with 100 seed heads per plot) in Sep-
tember 1999. Since we planted seed heads rather than
individual seeds, this experiment accounts for the ef-
fects of the fungus on both seed germination rates, and
seed number and mass, allowing us to determine the
overall net effect of this fungus on goatgrass estab-
lishment. These plots were arranged in a randomized
block design and there was a 0.5-m border between
plots. Plots were established in rodent exclosures, be-
cause all seeds were harvested by rodents in previous
experiments in plots outside of exclosures. Establish-
ment was determined by measuring goatgrass biomass
at the end of the growing season (June 2000). Above-
ground biomass was clipped, dried at 608C for 48 h,
and weighed.

Effects of gophers on goatgrass

In order to determine the effects of pocket gophers,
Thomomys bottae Mewa, on goatgrass, we used three
different approaches: (1) comparing the effects of go-
phers on eight plant species dominant in the northern
California grasslands, (2) comparing establishment of
goatgrass inside and outside of gopher exclosures, and
(3) performing a field survey to look for linkages in
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FIG. 1. Effect of Ulocladium atrum on germination of
goatgrass. Germination rates of fungal-infected (solid circles)
and uninfected (open squares) seed heads (n 5 200 seed heads
per treatment) and of seeds removed from their woody, un-
infected seed head (solid squares; n 5 200 seeds per treat-
ment).

TABLE 1. Fungal effects on seed number and mass.

Degree of fungal
infection

No. seeds per
seed head

Seed mass
(mg/seed)

None
Intermediate
High

5.1 6 0.316a

4.4 6 0.242a

3.0 6 0.414b

13 6 2a

9 6 1b

4 6 1c

Notes: Increasing infection rates of the fungus Ulocladium
atrum decreases seed number (ANOVA, P 5 0.0031, n 5 50
seed heads per treatment) and mass (ANOVA, P 5 0.0001,
n 5 50 seed heads) of goatgrass. Data are means 6 1 SE.
Column entries with the same lowercase letter are not sig-
nificantly different between levels of infection at P 5 0.05
(Tukey-Kramer test).

spatial variability of gopher activity and establishment
of goatgrass.

Gopher disturbance of different plant species.—In
the fall of 1997, monocultures were established of eight
different plant species commonly found at our field site,
including four grasses (Aegilops triuncialis L., Avena
barbata Link, Bromus hordeaceous L., Taeniatherum
caput-medusae L.), two forbs (Erodium botrys (Cav.)
Bertol., Amsinckia douglasiana A. DC.), and two le-
gumes (Lupinus bicolor Lindley, Trifolium microce-
phalum Pursh) (nomenclature according to Hickman
[1993]). These species were also grown in two- or
three-species mixtures (total of 14 mixture treatments).
Eighteen replicates of each plant monoculture, and nine
replicates of each species mixture were planted in
1-m2 plots in a randomized block design, with 0.5-m
borders surrounding each plot (see V. T. Eviner and F.
S. Chapin [unpublished manuscript] for complete ex-
perimental design; also see Plate 1). Species compo-
sition was maintained for two years by weeding all non-
target plants from each plot. In March of 1999, the
percentage area of the plots disturbed by gophers was
visually determined.

Effects of gophers on the establishment of goat-
grass.—In September 1999, goatgrass seed heads (690
g/m2) were planted in 0.5 3 0.5 m plots, inside and
outside of a gopher exclosure. Eight pairs of replicate
plots were established along the perimeter of a 20 3
20 m gopher exclosure that was surrounded with 1-m-
deep aluminum sheeting. At the end of the growing
season (June 2000) plots were harvested for biomass,
and visual determinations were made of fungal infec-
tion of seeds. Aboveground biomass was clipped, dried
at 608C for 48 h, and weighed.

Field survey of goatgrass establishment.—In April
1999 we conducted a field survey of the University of
California’s Hopland Research and Extension Center.

We surveyed 21 different pastures over 1009 ha of
grassland for the presence of gopher mounds (high,
medium, or low numbers of mounds), establishment of
goatgrass (dominant, co-existing, or sparse to absent),
and soil depth. The presence of gopher mounds and
goatgrass was determined visually. Soil depth (greater
or less than 30 cm) was determined by a 2-cm diameter
soil probe. Gophers are usually not active in soils shal-
lower than this 30-cm depth (Howards and Childs
1959).

Statistical analysis

The chi-square test was used to determine differ-
ences in percentage germination among treatments, as
well as differences in Aegilops establishment in fields
with and without gophers. We used ANOVAs to de-
termine differences in percentage gopher disturbance
among plant treatments, and fungal effects on seed
number and mass; and t tests to determine differences
in Aegilops establishment with and without the fungus,
and inside and outside of gopher exclosures.

RESULTS

Effect of Ulocladium atrum on establishment
of goatgrass

Infection by Ulocladium atrum enhanced the ger-
mination rate of goatgrass (Aegilops triuncialis). In the
laboratory, seed heads with intermediate infection rates
(the infection rate most commonly seen in the field)
germinated earlier than uninfected seed heads, and ger-
minated just as rapidly as seeds taken out of the seed
head (Fig. 1, day 2: x2 5 191.5, P , 0.0001). Fungal
infection, however, decreased the percentage of ger-
minable seeds (Fig. 1, day 5: x2 5 92.3, P , 0.0001),
the average mass of seeds (ANOVA P 5 0.0001), and
the number of seeds per seed head (ANOVA P 5 0.003,
Table 1). To determine the net effect of this fungus on
Aegilops establishment, we planted a fixed number of
seed heads with and without fungus. Since each culm
of goatgrass produces an individual seed head, this
gives us the net effect of fungal infection on Aegilops,
accounting for both fungal-induced decreases in seed
number and size, and increases in germination rate.
When goatgrass seed heads with and without the fungus
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FIG. 2. Effect of Ulocladium atrum on goatgrass estab-
lishment. End-of-season aboveground biomass of goatgrass
in plots sown with seeds uninfected or infected by the fungus
U. atrum. Fungal infection increased aboveground biomass
of this grass (t test, P 5 0.04, n 5 5 plots per treatment).
Data are means and 1 SE. FIG. 4. Percentage area of plots planted as mixtures dis-

turbed by gophers. Gophers preferentially disturbed mixed-
species plots containing goatgrass (ANOVA, P , 0.0001, n
5 9 plots per treatment). Species abbreviations are as follows:
A 5 Avena barbata, B 5 Bromus hordeaceous, G 5 Aegilops
triuncialis, F 5 Amsinckia douglasiana, and L 5 Lupinus
bicolor. Data are means and 1 SE. Bars with the same low-
ercase letter are not significantly different between treatments
at P 5 0.05.

FIG. 3. Percentage area of planted monoculture plots dis-
turbed by gophers. Gophers preferentially disturb monocul-
ture plots of goatgrass (Aegilops triuncialis) (ANOVA, P ,
0.0001, n 5 18 plots per treatment). Data are means and 1
SE. Bars with the same lowercase letter are not significantly
different between treatments at P 5 0.05.

FIG. 5. Effect of gophers on goatgrass establishment.
Plots inside of gopher exclosures had substantially higher
biomass at the end of the growing season than plots disturbed
by gophers (ANOVA, P 5 0.01, n 5 8 plots per treatment).
Data are means and 1 SE.

were planted in the field, end-of-season aboveground
biomass of goatgrass was 65% greater in plots planted
with infected seed heads than in plots with uninfected
seed heads (t test, P 5 0.04; Fig. 2), indicating that
fungal effects on germination rate had a greater effect
on final biomass than did fungal effects on seed size
and number.

Effect of gophers on establishment of goatgrass

In planted monoculture plots of eight dominant plant
species in northern California grasslands, gophers se-
lectively disturbed goatgrass plots (ANOVA P ,
0.0001, Fig. 3), leading to high mortality through burial
of these plants. This vegetation had not been removed
by the gophers, but was simply buried intact under the
mounds. This preference to build mounds in areas with

goatgrass was also seen in mixed-species plots planted
with goatgrass. High levels of gopher disturbance were
found in seven out of eight mixed-species treatments
containing goatgrass, while very little disturbance was
associated with plots that did not contain goatgrass
(ANOVA, P , 0.0001, Fig. 4). Aboveground biomass
of goatgrass was 3.5 times higher inside gopher exclo-
sures than in areas exposed to gophers (Fig. 5) (t test
P 5 0.01), where gopher mounds completely covered
vegetation in six of eight plots. This gopher-exclosure
treatment also significantly altered fungal infection of
goatgrass seed heads (x2 5 9.3, P 5 0.002). In plots
disturbed by gophers, all surviving plants produced
seeds without fungal infection, whereas 60% of the
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gopher-exclusion plots produced seed heads infected
by U. atrum. The field survey indicated that goatgrass
dominated fields without gopher activity, and tended
to have a minor presence where gophers were common
(x2 5 10.5, P 5 0.0012). The survey also showed that
sites with low gopher activity, and thus high amounts
of goatgrass, tended to be areas with shallow soils or
heavy grazing by sheep, while gopher disturbance was
common in ungrazed pastures, where goatgrass coex-
isted with other plant species and failed to dominate
the community (V. T. Eviner, personal observation).

DISCUSSION

Establishment of the invasive grass, Aegilops triun-
cialis, is greatly affected by its interactions with a fun-
gus, Ulocladium atrum, and gophers, Thomomys bot-
tae. Although fungal infection decreased the percent-
age of germinable seeds, the average mass of seeds,
and the number of seeds per seed head of goatgrass,
these seeds germinated earlier and the net effect of the
fungus was to dramatically increase establishment of
this invasive grass. The woody intact seed head of goat-
grass significantly delays germination (Fig. 1, Peters
1994). In the field, uninfected goatgrass seeds germi-
nated more than two weeks after all other dominant
grass species at our site (V. T. Eviner, personal obser-
vation). Ulocladium atrum is a very competitive sap-
rophyte (Kohl et al. 1995) that can degrade cellulose
and lignin (Almendros and Martinez 1987). This allows
it to decompose many recalcitrant substrates such as
industrial polymers (Morgan-Jones and Jacobsen
1988), the shells of sunflower seeds (Shtienberg 1994),
and the seed head of goatgrass (V. T. Eviner, personal
observation). By breaking down the woody seed head
of goatgrass, this fungus significantly decreases ger-
mination time. A number of other studies have shown
that cellulytic enzymes from fungi promote the ger-
mination of hard seeds (reviewed in Egley [1989]; Mit-
tal and Wang 1993). Differences in germination time
of only a few days strongly influence the species com-
position of grassland communities (Harper 1961, Black
and Wilkinson 1963), so this fungal-induced speeding
of germination could significantly increase seedling es-
tablishment of goatgrass. When infected and uninfected
goatgrass seed heads were planted in the field, the net
effect of the fungus was to increase the end-of-season
goatgrass biomass by 65% compared to plots with un-
infected seeds. The infection of seeds with U. atrum
thus substantially enhanced establishment and growth
of goatgrass, most likely by speeding germination. U.
atrum can also inhibit pathogens (Kohl et al. 1995),
which may also have contributed to its enhancement
of goatgrass establishment. These experiments were
performed on seed heads with intermediate infection
rates, which was the level most commonly observed in
the field. It is likely that heavy infection decreases ger-
mination, but that level of infection is rare in the field.

We cannot rule out the possibility that these observed
patterns are due to site or population differences in
which smaller seeds, higher germination rates, and
higher fungal infections co-vary in a non-causal man-
ner. However, our observations suggest that these pat-
terns are probably causal. The woody seed head clearly
delays germination. This was established in a con-
trolled experiment using seeds from the same popu-
lation to compare germination rates of seeds inside and
removed from the seed head. It is also clear that the
fungus substantially weakens this seed head (V. T. Ev-
iner, personal observation). Finally, seeds from the
same population were planted in adjacent plots inside
and outside of gopher exclosures, and fungal infection
of the next generation of seeds was lower in gopher-
disturbed plots.

Gophers also play an important role in the estab-
lishment of goatgrass, both by selectively disturbing
patches of goatgrass, and by altering fungal infections
of goatgrass seeds. Gophers disturbed ;70% of the area
in plots containing goatgrass, and only 20% in plots
without goatgrass. This was true in both the monocul-
ture and mixed-species plots. This selective disturbance
greatly decreases the establishment of goatgrass.
Aboveground biomass of goatgrass was 3.5 times high-
er inside gopher exclosures than in areas exposed to
gophers, where gopher mounds covered vegetation in
six of eight plots. This disturbance behavior is unlikely
associated with feeding. There was no evidence of re-
moval of aboveground vegetation, and Aegilops has
fibrous roots, which are an unlikely food source for
gophers (Cortinas and Seastedt 1996). A related ex-
periment at our site has shown that the disturbances
associated with gopher feeding and with mound build-
ing are distinct, and gophers preferentially disturb dif-
ferent plant species for each of these activities. This
selective mound building of gophers in areas domi-
nated by goatgrass is likely related to its high rooting
area, which stabilizes soil, making it more energetically
efficient for gophers to burrow in patches of goatgrass
(V. T. Eviner and F. S. Chapin, unpublished manu-
script). A similar pattern has been observed in the al-
pine tundra, where gophers preferentially buried a pe-
rennial sedge with fibrous roots, with no evidence of
gophers using this plant as a food source (Cortinas and
Seastedt 1996). These studies confirm Huntly and In-
ouye’s (1988) assertion that gophers interact with
plants in a number of ways other than herbivory.

Gophers clearly decrease the establishment of goat-
grass in experimental manipulations. These results are
consistent with our field observations that goatgrass
coexists with other plant species in areas where gophers
are active, but almost completely eliminates other plant
species in areas with no gopher activity. It is likely
that, as goatgrass establishes local dominance, gophers
selectively disturb those patches, leading to high goat-
grass mortality through burial of these plants. This se-
lective gopher activity can significantly decrease the
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establishment of goatgrass, preventing it from becom-
ing a dominant member of the community. Gophers
also selectively disturb certain species of tree seedlings
(Ferguson 1999), and patches dominated by certain
grass species (Tilman 1983), suggesting that species-
specific effects of gophers are widespread.

Our field survey suggests that there is another im-
portant species interaction that influences goatgrass es-
tablishment. Areas with heavy grazing had little gopher
activity and were dominated by goatgrass. Other stud-
ies in California grasslands confirm that gopher activity
tends to decrease in grazed pastures (Hobbs and Moo-
ney 1991, Hunter 1991, Stromberg and Griffin 1996),
and goatgrass density increases with heavy grazing
(Crampton 1974, Peters 1994). The formation of mole-
hills also decreases in response to grazing (Edwards et
al. 1999). Rangeland management practices may un-
intentionally facilitate the invasion of goatgrass
through decreases in gopher activity associated with
the presence of livestock. While gophers are often re-
garded as pests on rangelands, they are more desirable
than the invasion of goatgrass. Goatgrass can have dev-
astating economic effects on rangelands because its
extremely low nutritional value decreases range ca-
pacity by 50–75%, and its sharp spikes can severely
injure wildlife and livestock (Jacobson 1929).

Gophers may also reduce goatgrass establishment
indirectly by reducing fungal infection rates. In plots
with gophers, all surviving plants produced seeds with-
out fungal infection, whereas 60% of the gopher-ex-
clusion plots produced seed heads infected by U. atrum.
It is not clear what the mechanism is for this decrease
in fungal infection rates in the presence of gophers.
Ulocladium atrum forms a hyphal network on rock
(Gutiérrez et al. 1995) and likely does in the soil as
well, particularly because at plant senescence the fun-
gus moves along the inside of the hollow culm from
the soil to the seed head (V. T. Eviner, personal ob-
servation). Gopher mounds (Koide and Mooney 1987)
and soil disturbance (McGonigle and Miller 1996) de-
crease fungi, possibly by disrupting this hyphal net-
work. Alternatively, gophers may decrease fungal in-
fection by reducing goatgrass density to the point that
it limits fungal spread (Burdon and Chilvers 1982) by
decreasing host density and causing a ‘‘dilution effect’’
(Ostfeld and Keesing 2000). The likelihood of this
mechanism depends on how this fungus spreads, and
although Ulocladium spores can be dispersed by wind,
by water, through the soil, by plant debris and by insects
(IMI 1995, Shtienberg 1994), it is not clear which of
these is dominant in our system.

This study suggests that the patterns of goatgrass
invasion into California grasslands reflect a complex
balance of interactions among multiple species. In the
absence of gophers, Aegilops is an aggressive invader
that dominates both deep and shallow soils. The en-
hancement of goatgrass germination by a fungus pro-
motes goatgrass invasion and loss of local plant di-

versity. In deep soils, preferential disturbance and buri-
al of goatgrass by gophers and an associated reduction
in fungally promoted germination prevent goatgrass
from attaining dominance. These observations suggest
that gopher disturbance could enhance landscape-scale
diversity by reducing the rate of spread of the exotic
invader goatgrass across the grassland.

These observations suggest that species interactions
can prevent or enhance plant invasion. Most of the
research to predict the patterns of plant invasions has
focused on plant traits and site characteristics. While
these are important factors governing invasion, they
are often inadequate to predict invasions (Mack et al.
2000). In addition to plant traits and environmental
properties, species interactions are a vital component
in predicting plant invasions and could lead to novel
ways to manage ecosystems to prevent or control in-
vasions. The roles of interactions in invasions are ev-
ident in the importance of natural enemies in regulating
plant establishment (Guretzky and Louda 1997, Maron
and Vila 2001), and the use of biocontrol to decrease
establishment of invaders (Strong and Pemberton
2000). Invasion theory could benefit greatly by focus-
ing on mechanisms by which plants can influence in-
teractions with other organisms that are known to play
a large role in vegetation community structure. By link-
ing plant traits to the activity and distribution of these
key organisms (e.g., Springett and Gray 1997, Bardgett
et al. 1998, Zaller and Arnone 1999), we will be better
able to predict local patterns of invasion. For example,
selective mound building of gophers in areas domi-
nated by goatgrass is likely related to its high rooting
area that stabilizes soils, making it more energy effi-
cient for gophers to burrow in patches of goatgrass (V.
T. Eviner and F. S. Chapin, unpublished manuscript).
While the characteristics of the plant and particular site
likely dominate the potential of a plant to invade, if
these conditions are met, the actual establishment pat-
terns may be determined by the interactions of species
at that site.

ACKNOWLEDGMENTS

We thank Greg Gilbert for identifying the fungus, Thais
Winsome for use of her gopher-exclosure plots, and Chuck
Vaughn, Bob Keiffer, Bob Timm, and the Hopland Research
and Extension Center for invaluable assistance and insights,
and NASA, the National Science Foundation, and the Uni-
versity of California for fellowship support to the senior au-
thor.

LITERATURE CITED

Abdel-Hafez, S. 1985. Leaf surface fungi of Argemone mex-
icana growing in Saudi Arabia. Cryptogamie, Mycologie
6:69–78.

Abdel-Hafez, S. I. I., A.-A. H. Monbasher, and A. Barakat.
1993. Seasonal variations of fungi of outdoor air and sed-
imented dust at Assist Region Upper Egypt. Grana 32:115–
121.

Agarwal, G., S. Gupta, and A. Pandey. 1993. Saprophytic
fungi from Jabalpur: new additions. Journal of Economic
and Taxonomic Botany 17:79–87.



January 2003 127ROLE OF INTERACTIONS IN PLANT INVASIONS

Almendros, G., F. Martin, F. Gonzalez-Villa, and A. Martinez.
1987. Biodegradacion y compostaje de la paja de trigo
inoculada con Ulocladium atrum. II. Degradacion oxidativa
de las sustancias humicas del compost. Agrochimica 31:
438–456.

Almendros, G., and A. T. Martinez. 1987. Biodegradacion y
compostaje de la paja de trigo inoculada con Ulocladium
atrum. I. Produccion de sustancias de tipo humico. Agro-
chimica 31:65–80.

Bardgett, R., D. Wardle, and G. Yeates. 1998. Linking above-
ground and belowground interactions: how plant responses
to foliar herbivory influence soil organisms. Soil Biology
and Biochemistry 30:1867–1878.

Black, J., and G. Wilkinson. 1963. The role of time of emer-
gence in determining the growth of individual plants in
swards of subterranean clover (Trefoil subterranean). Aus-
tralian Journal of Agriculture Research 14:628–638.

Burdon, J., and G. Chilvers. 1982. Host density as a factor
in plant disease ecology. Annual Review of Phytopathology
20:143–166.

California Exotic Pest Plant Council. 1999. Exotic pest
plants of greatest ecological concern in California. Cali-
fornia Exotic Pest Plant Council, San Juan Capistrano, Cal-
ifornia, USA.

Cortinas, R. M., and T. R. Seastedt. 1996. Short- and long-
term effects of gophers (Thomomys talpoides) on soil or-
ganic matter dynamics in alpine tundra. Pedobiologia 40:
162–170.

Crampton, B. 1974. Grasses in California. University of Cal-
ifornia Press, Berkeley, California, USA.

Eastburn, D., and E. Butler. 1988. Microhabitat character-
ization of Trichoderma harzianum in natural soil: evalua-
tion of factors affecting population density. Soil Biology
and Biochemistry 20:541–545.

Edwards, G., M. Crawley, and M. Heard. 1999. Factors in-
fluencing molehill distribution in grassland: implications
for controlling the damage caused by molehills. Journal of
Applied Ecology 36:434–442.

Egley, G. 1989. Water-impermeable seed coverings as bar-
riers to germination. Pages 207–224 in R. Taylorson, editor.
Recent advances in the development and germination of
seeds. Plenum Press, New York, New York, USA.

Ferguson, D. 1999. Effects of pocket gophers, bracken fern,
and western coneflower on planted conifers in northern
Idaho—an update and two more species. New Forests 18:
199–217.

Foley, M. E. 2002. Weeds, seeds, and buds—opportunities
and systems for dormancy investigations. Weed Science
50:267–272.

Guretzky, J., and S. Louda. 1997. Evidence for natural bi-
ological control: insects decrease survival and growth of a
native thistle. Ecological Applications 7:1330–1340.

Gutiérrez, A., M. Martinez, G. Almendros, F. Gonzalez-Villa,
and A. Martinez. 1995. Hyphal-sheath polysaccharides in
fungal deterioration. Science of the Total Environment 167:
315–328.

Harper, J. 1961. Approaches to the study of plant competi-
tion. Pages 1–39 in F. L. Mithorpe, editor. Symposia of the
Society for Experimental Biology. Volume 15. Mechanisms
in biological competition. Cambridge University Press,
Cambridge, UK.

Hashem, A., and M. Al-Farraj. 1995. Mineral analysis of
soil, Euphorbia hirta L. and mycoflora from the industrial
Yanbu city, Saudi Arabia. Qatar University Science Journal
15:83–89.

Hashmi, M. 1988. Seed-borne mycoflora of Trigonella foen-
um-graecum L. Pakistan Journal of Botany 20:233–237.

Hashmi, R., S. Shaukat, A. Khanzada, and M. Aslam. 1990.
Efficacy of three detection techniques for the assessment

of seed mycoflora of carrot in Sindh. Pakistan Journal of
Botany 22:43–51.

Hickman, J. 1993. The Jepson manual: higher plants of Cal-
ifornia. University of California Press, Berkeley, Califor-
nia, USA.

Hobbs, R., and L. Huenneke. 1992. Disturbance, diversity,
and invasion: implications for conservation. Conservation
Biology 6:324–337.

Hobbs, R., and S. Humphries. 1995. An integrated approach
to the ecology and management of plant invasions. Con-
servation Biology 9:761–770.

Hobbs, R., and H. Mooney. 1985. Community and population
dynamics of serpentine grassland annuals in relation to go-
pher disturbance. Oecologia 67:342–351.

Hobbs, R., and H. Mooney. 1991. Effects of rainfall vari-
ability and gopher disturbance on serpentine annual grass-
land dynamics. Ecology 72:59–68.

Hopkinson, P., J. S. Fehmi, J. W. Bartolome, J. Dunne, and
R. Tripp. 1999. Adaptive management and fire control of
barbed goatgrass in California grasslands. Research and
Management Notes 17:168–179.

Howards, W., and H. Childs. 1959. Ecology of pocket go-
phers with emphasis on Thomomys bottae Mewa. Hilgardia
29:277–358.

Huenneke, L., S. Hamburg, R. Koide, H. Mooney, and P.
Vitousek. 1990. Effects of soil resources on plant invasion
and community structure in California (USA) serpentine
grassland. Ecology 71:478–491.

Hunter, J. 1991. Grazing and pocket gopher abundance in a
California annual grassland. Southwest Naturalist 36:117–
118.

Huntly, N., and R. Inouye. 1988. Pocket gophers in ecosys-
tems: patterns and mechanisms. BioScience 38:786–793.

Huntly, N., and O. Reichman. 1994. Effects of subterranean
mammalian herbivores on vegetation. Journal of Mam-
malogy 75:852–859.

IMI [International Mycological Institute]. 1995. IMI descrip-
tion of fungi and bacteria number 1224. Mycopathologia
129:47–48.

Jacobson, W. 1929. Goatgrass—a weed pest of the range.
The Monthly Bulletin, Department of Agriculture, State of
California 18:37–41.

Kennedy, P. 1928. Goatgrass or wild wheat (Aegilops triun-
cialis). Journal of the American Society of Agronomy 20:
1292–1296.

Kohl, W., C. Molhoek, C. v. d. Plas, and M. Fokkema. 1995.
Effect of Ulocladium atrum and other antagonists on spor-
ulation of Botrytis cinerea on dead lily leaves exposed to
field conditions. Phytopathology 85:393–401.

Koide, R., and H. Mooney. 1987. Spatial variation in inoc-
ulum potential of vesicular–arbuscular mycorrhizal fungi
caused by formation of gopher mounds. New Phytologist
107:173–182.

Kotanen, P. 1997. Effects of experimental soil disturbance
on revegetation by natives and exotics in coastal California
meadows. Journal of Applied Ecology 34:631–644.

Levine, J. 2000. Species diversity and biological invasions:
relating local processes to community pattern. Science 288:
852–854.

Lilja, A., A. Hallaksela, and R. Heinonen. 1995. Fungi col-
onizing Scots-pine cone scales and seeds and their patho-
genicity. European Journal of Forest Pathology 25:38–46.

Lovel, G. 1997. Biodiversity: global change through inva-
sion. Nature 388:627–628.

Lyon, D. J., D. D. Baltensperger, and I. G. Rush. 1992. Vi-
ability, germination, and emergence of cattle-fed jointed
goatgrass seed. Journal of Production Agriculture 5:282–
285.

Mack, R. 1996. Predicting the identity and fate of plant in-
vaders: emergent and emerging approaches. Biological
Conservation 78:107–121.



128 VALERIE T. EVINER AND F. STUART CHAPIN, III Ecology, Vol. 84, No. 1

Mack, R., D. Simberloff, W. Lonsdale, H. Evans, M. Clout,
and F. Bazzaz. 2000. Biotic invasions: causes, epidemi-
ology, global consequences, and control. Ecological Ap-
plications 10:689–710.

Maron, J., and M. Vila. 2001. When do herbivores affect
plant invasion? Evidence for the natural enemies and biotic
resistance hypotheses. Oikos 95:361–373.

Martinsen, G., J. Cushman, and T. Whitham. 1990. Impact
of pocket gopher disturbance on plant species diversity in
a shortgrass prairie community. Oecologia 83:132–138.

McGonigle, T., and M. Miller. 1996. Development of fungi
below ground in association with plants growing in dis-
turbed and undisturbed soils. Soil Biology and Biochem-
istry 28:263–269.

Mittal, R., and B. Wang. 1993. Effects of some seed-borne
fungi on Picea glauca and Pinus strobus seeds. European
Journal of Forest Pathology 23:138–146.

Mooney, H., and R. Hobbs, editors. 2000. Invasive species
in a changing world. Island Press, Washington, D.C., USA.

Morgan-Jones, G., and B. Jacobsen. 1988. Notes of Hypho-
mycetes. Mycotaxon 32:223–236.

Newsome, A., and I. Noble. 1986. Ecological and physio-
logical characters of invading species. Pages 1–17 in R.
Groves and J. Burdon, editors. Ecology of biological in-
vasions. Cambridge University Press, Cambridge, UK.

Noble, I. 1989. Attributes of invaders and the invading pro-
cess: terrestrial and vascular plants. Pages 301–313 in J.
Drake, H. A. Mooney, F. diCastri, R. H. Groves, F. J. Kru-
ger, M. Rejmanek, and M. Williamson, editors. Biological
invasions: a global perspective. John Wiley and Sons, New
York, New York, USA.

Orians, G. 1986. Site characteristics favoring invasions. Pag-
es 133–148 in H. Mooney and J. Drake, editors. Ecology
of biological invasions in North America and Hawaii. Eco-
logical studies. Volume 58. Springer-Verlag, New York,
New York, USA.

Ostfeld, R. S., and F. Keesing. 2000. Biodiversity and disease
risk: the case of Lyme disease. Conservation Biology 14:
722–728.

Peters, A. 1994. Biology and control of barb goatgrass (Ae-
gilops triuncialis). Thesis. Oregon State University, Cor-
vallis, Oregon, USA.

Peters, A., D. Johnson, and M. George. 1996. Barb goatgrass:
a threat to California rangelands. Rangelands 18:8–10.

Rejmanek, M. 1995. What makes a species invasive? Pages
3–13 in P. Pysek, K. Prach, M. Rejmanek, and M. Wade,
editors. Plant invasions—general aspects and special prob-
lems. SPB Academic Publishing, Amsterdam, The Neth-
erlands.

Shtienberg, D. 1994. Achene blemish syndrome: a new dis-
ease of sunflower in Israel. Plant Disease 78:1112–1116.

Springett, J., and R. Gray. 1997. The interaction between
plant roots and earthworm burrows in pasture. Soil Biology
and Biochemistry 29:621–625.

Srivastav, A., and M. Srivastav. 1986. Production of cellu-
lolytic enzymes by staining fungus Ulocladium chartarum.
Indian Journal of Mycology and Plant Pathology 17:49.

Stromberg, M., and J. Griffin. 1996. Long-term patterns in
coastal California grasslands in relation to cultivation, go-
phers, and grazing. Ecological Applications 6:1189–1211.

Strong, D., and W. Pemberton. 2000. Biological control of
invading species—risk and reform. Science 288:1969–
1970.

Taheri, A., G. Hollamby, V. Vanstone, and S. Neate. 1994.
Interaction between root lesion nematode, Pratylenchus
neglectus (Rensch 1924) Chitwood and Oteifa 1952, and
root rotting fungi of wheat. New Zealand Journal of Crop
and Horticultural Science. 22:181–185.

Tilman, D. 1983. Plant succession and gopher disturbance
along an experimental gradient. Oecologia 60:285–292.

Tilman, D. 1997. Community invasibility, recruitment lim-
itation, and grassland biodiversity. Ecology 78:81–92.

van Slageren, M. W. 1994. Wild wheats: a monograph of
Aegilops L. and Amblyopyrum (Jaub. and Spach.) Eig. Ag-
ricultural University, Wageningen, The Netherlands.

Zaller, J., and J. I. Arnone. 1999. Interactions between plant
species and earthworm casts in a calcareous grassland under
elevated CO2. Ecology 80:873–881.


