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Abstract. Invasion by exotic speciesis amajor threat to global diversity. The invasion
of native perennial grasslands in California by annual species from the southern Mediter-
ranean region is one of the most dramatic invasions worldwide. As aresult of thisinvasion,
native species are often restricted to low-fertility, marginal habitat. An understanding of
the mechanisms that prevent the recolonization of the more fertile sites by native species
is critical to determining the prospects for conservation and restoration of the native flora.
We present the results of a five-year experiment in which we used seeding, burning, and
mowing treatments to investigate the mechanisms that constrain native annuals to the
marginal habitat of a Californian serpentine grassland. The abundance and richness of native
species declined with increasing soil fertility, and there was no effect of burning or mowing
on native abundance or richness in the absence of seeding. We found that native annual
forbs were strongly seed limited; a single seeding increased abundance of native forbs even
in the presence of high densities of exotic species, and this effect was generally discernable
after four years. These results suggest that current levels of dominance by exotic species
are not simply the result of direct competitive interactions, and that seeding of native species
is necessary and may be sufficient to create viable populations of native annual speciesin

areas that are currently dominated by exotic species.
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INTRODUCTION

Invasion by exotic speciesis one of the major threats
to global diversity (Mooney et al. 1986, Drake et al.
1989, Mills et al. 1994, Hobbs and Humphries 1995,
Lodge et al. 1998), and exotic species currently con-
stitute a major component of many regional floras. For
example, about 20% of California’s vascular-plant taxa
are exotic species (Stein et al. 2000). In heavily invaded
landscapes, native species are often restricted to small,
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refugial populations in marginal habitat (McNaughton
1968, Mooney et al. 1986, Murphy and Ehrlich 1989,
Harrison 1997, 1999a, b). This spatial isolation raises
further issues for management and restoration of native
communities. These populations may be particularly
susceptible to extinction, because inbreeding depres-
sion and stochastic events (Lande 1993, Mills and
Smouse 1994, Brown et al. 1996) can exacerbate the
effect of the original invasion.

Here, we present the results of a study designed to
isolate the mechanisms that have led to the exclusion
of asuite of native annual forbs from a heavily invaded
grassland in southern California, USA. The invasion
of California grasslands is one of the most dramatic
invasions worldwide (Baker 1978, Mooney et al. 1986,
Armstrong and Huenneke 1992). Nearly all of the orig-
inal 9.2 X 108 ha of the grasslands in California are
currently dominated by annual grasses and forbs intro-
duced from the Mediterranean region (Heady 1977,
Baker 1978, Jackson 1985, D’ Antonio and Vitousek
1992). As aresult, many native species have been ex-
tirpated from more fertile sites and are restricted to
patches of low-fertility, serpentine-derived soils
(*“hummocks’), which the exotic species are generally
not able to invade (Murphy and Ehrlich 1989, Huen-
neke et al. 1990, Harrison 1997, 19993, b). The soils
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on these outcrops are characterized by low calcium to
magnesium ratios and high concentrations of toxic
heavy metals (Walker 1954, Proctor 1971, Proctor and
Woodell 1975, Brooks 1987). In addition, these soils
are usually shallow, rocky, and nutrient poor (Huen-
neke et al. 1990; Gram et al., in press).

As is the case elsewhere, a major restoration and
conservation challenge for California grasslands is to
develop management plans to (1) stop the continued
spread of the exotic species into the native refugia, and
(2) increase the regional abundance of the threatened
species. With regard to the first goal, it is clear that
tolerance of low nutrient conditions (Huenneke et al.
1990, Harrison 1999b) and drought (Heady 1956a, b,
1958, Pitt and Heady 1978, Hobbs and Mooney 1991)
are critical elements in maintaining native dominance
on serpentine hummocks. However, few studies have
examined the ability of native species to reinvade the
more fertile sites that are currently dominated by exotic
species, which would facilitate the second goal.

In this study, we used a field experiment to inves-
tigate the mechanisms that prevent the reinvasion of
the more fertile matrix habitat by native forbs, an un-
der-studied component of the California grassland flo-
ra. In California, most of the grassland-restoration re-
search focuses on developing techniques to establish a
dense stand of perennial grasses (Stromberg and Griffin
1996, Stromberg and Kephart 1996), despite the his-
torical importance of the forb component in the native
California grassland community (Wester 1981, Ham-
ilton 1997, Schiffman 2000). This focus on perennial
grassesis partially pragmatic; it is much easier to man-
age a grassland to exclude all annual species through
the use of burning and herbicide, because perennial and
annual species have such different life histories (Strom-
berg and Kephart 1996). In addition, rangeland man-
agers are becoming interested in perennial grass res-
toration, because it may improve summer grazing and
increase nutrient retention (Menke 1989, Adams et al.
1999).

The focus on perennial grasses also stems from a
debate about the original nature of the Californiagrass-
land communities; these systems were already domi-
nated by invasive exotics by the middle of the 19th
century, early enough that it is difficult to reconstruct
their original character (Heady 1977, Wester 1981,
Hamilton 1997). The most common view of California
grasslands is based on the examination of relict stands
and suggests that the community was dominated by
perennial bunchgrasses (Clements 1934). However,
more recent research suggests that the pre-European
grasslands were not dense stands of perennial grasses,
but rather a complex mosaic of perennial grasses, an-
nual forbs, and shrubs (Wester 1981, Hamilton 1997).
If native annuals were the dominant species in these
systems due to the continual perturbation of the soil
by animals and the vagaries of the climate (as suggested
by Schiffman 2000), the establishment of dense stands
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of perennial grasses would not constitute a successful
restoration of the community.

While most empirical research on invasions has fo-
cused on exotic species invading largely native com-
munities (D’ Antonio and Vitousek 1992, Robinson et
al. 1995, Stohlgren et al. 1999, L evine 2000, Smith and
Knapp 2001; but see Tilman 1997), it is interesting to
note that the procedures for determining the probability
of successful reintroduction of a native species into a
system dominated by exotic species are conceptually
similar to determining the probability of an exotic spe-
cies invading a native community. Both scenarios in-
volve finding the conditions under which population
growth rates are positive for low population densities
(Macarthur and Levins 1967, Gurney and Nisbet 1998).
We apply invasion theory to restoration ecology in or-
der to understand the mechanisms that could promote
the reestablishment of native forbs in extant stands of
exotic annual grasses.

The practicality of restoring a native community de-
pends directly on the mechanisms by which the exotics
competitively exclude the native flora. Turnbull et al.
(2000) point out that seed-addition experiments can
help to distinguish the relative importance of seed lim-
itation, microsite limitation, and environmental hetero-
geneity in determining community composition. The
Cadlifornia grassland system is well suited to seed-
addition studies because many species are annual, the
growing season is short and synchronized by the onset
of winter rains, and there is not a persistent seed bank
(Bartolome 1979). For these reasons, community com-
position is closely linked to each seasonal recruitment
event and can change more rapidly than in communities
dominated by long-lived perennial species.

We begin by proposing three mechanisms by which
exotic annual grasses persist as the numerically dom-
inant species in California grasslands: (1) seed limi-
tation, (2) microsite limitation, and (3) spatial and tem-
poral heterogeneity.

Hypothesis 1: The native forbs are seed limited, such
that the dominance of exotic species depends on their
higher rates of seed production and delivery

Prediction.—Addition of seed of native species will
increase the abundance of seeded species, becausethere
are empty microsites available for colonization.

Justification.—If competitive abilities are similar
across all species, then the outcome of each recruit-
ment event depends, in part, on the abundance of
recruits of each species (Chesson and Warner 1981,
Fagerstrom and Westoby 1997), and the ultimate
composition of the community depends on the pro-
duction and delivery of seed. In this case, the ad-
dition of seeds can lead to a long-term increase in
the abundance of the seeded species (Tilman 1997).
However, competitive hierarchies may vary along
abiotic gradients, such that seed additions may in-
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crease populations only in specific cases (e.g., after
a burn or in alow fertility site).

Implications.—In this case, the success of a resto-
ration can be increased through seeding of the native
species. This mechanism also suggests that manipu-
lation of the abiotic environment will not be sufficient
to ensure the success of arestoration if the native flora
is not reintroduced to the site in sufficient density.

Hypothesis 2: The native forbs are microsite limited,
such that exotic species exclude native species during
establishment and growth

Prediction.—Addition of seeds of native specieswill
not increase the abundance of the seeded speciesin the
presence of exotic species, because there are more than
enough recruits of the competitively dominant exotic
species to fill the available microsites. In addition, we
may expect removal of vegetation via burning or mow-
ing to temporarily increase native abundance in the
absence of seed additions (Shoulders 1994, Pollak and
Kan 1998, Hatch et al. 1999, Meyer and Schiffman
1999) due to the concomitant increase in bare ground.

Justification.—If there is a surplus of potential re-
cruits, then the competitive dominant will always win
in competitive interactions acting during establishment
and growth, making community composition indepen-
dent of the recruitment pool. There are many cases in
which species composition is determined by compet-
itive hierarchies and the availability of microsites (e.g.,
bare ground) (Burke and Grime 1996, Turnbull et al.
2000, Suding and Goldberg 2001). For example, in
their review of 40 seed-addition studies, Turnbull et al.
(2000) found that in about 50% of cases the addition
of seed did not alter the abundance of the seeded spe-
cies. H2 is aplausible and widely accepted mechanism
to explain the current dominance by annual exotics in
California grasslands, because although the exotic spe-
cies were not actively seeded, they spread rapidly
through the landscape (Heady 1977).

Implications.—If an invasive species is the compet-
itive dominant, then the mere presence of this species
prevents the reestablishment of the native flora. This
is an example of a stable invasion window created by
the removal of a geographic barrier to competitively
dominant species (Johnstone 1986). To the degree that
dominance of exotic species is independent of seed
availability, the reestablishment of the native florawill
depend on the eradication of the exotic species and
continued quarantine of the restored area, two difficult
and costly ventures (Hobbs and Humphries 1995,
Lodge et al. 1998). In this case, successful long-term
reestablishment of native species is unlikely (Heady
1977).

Hypothesis 3: Environmental heterogeneity mediates
competition for microsites during establishment
and growth

Prediction.—In the absence of seed additions, the
abundance of native species should change with natural
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abiotic heterogeneity (e.g., soil fertility and year-to-
year changes in precipitation).

Justification.—Temporal or spatial heterogeneity in
the environment (e.g., the ratio of limiting nutrients)
may promote coexistence, even under the case of
strict competitive hierarchies (Chesson and Warner
1981, Tilman 1982). If the competitive hierarchy
varies along an abiotic gradient, we may expect the
relative abundance of different taxa to vary along
that gradient or in response to interannual environ-
mental changes, even in the absence of seed addi-
tions. Previous studies in California serpentine
grasslands indicate that native species are more suc-
cessful than exotic invaders in nutrient-poor sites
(Huenneke et al. 1990) and in years of below average
rainfall (Hobbs and Mooney 1991).

Implications.—Under H3, successful restoration of
native species is primarily dependent on reestablish-
ment of appropriate abiotic conditions. If the domi-
nance hierarchy is dependent on an abiotic factor that
can be manipulated to favor the native component of
the community (e.g., burning frequency, hydrology, or
nutrient availability), then reestablishment of native
species will be much more likely under H3 than under
H2. Furthermore, H3 implies that natural colonization
will be sufficient to ensure the successful restoration
of a native community once abiotic conditions are ma-
nipul ated.

We report results of an experiment to evaluate plant
community dynamicsin responseto three factors: prox-
imity to native-dominated hummocks (1 m or 10 m),
the application of three levels of vegetation removal
(Control, Mowing, or Burning), and seeding of two
native annual forbs, Plantago erecta (Plantaginaceae)
and Lasthenia californica (Asteraceae). We use the re-
sults of our seed-addition experiments to distinguish
between the three mechanisms (H1, H2, H3) by which
exotic annual grasses may maintain their numerical
dominancein Californiagrasslands. Finally, wediscuss
the implications of our findings for long-term success
of restoration of the native annual forb populations in
California grasslands.

METHODS
Sudy site

Our study was conducted on the 2364-ha University
of California Sedgwick Reserve, which lies ~50 km
northeast of Santa Barbara, California, USA. The ex-
periments were conducted in the upper portion of the
reserve (~730 m in elevation) on a south-facing slope.
The site was grazed more or less continuously from at
least the late 1800s until cattle were removed in 1996.
The soils are largely serpentine in origin and the land-
scape is dominated by a series of distinct rocky out-
crops or ‘“hummocks” surrounded by exotic-dominat-
ed grasslands or ‘““matrix.” The soils on these hum-
mocks are shallow and infertile, with low cation ex-
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TaBLE 1. Results of principal components analysis of nine
soil metrics and standing crop at the end of the five-year
experiment investigating the constraint on native annuals
in a California serpentine grassland.

Eigenvector
PC1 pPC2
Variable (Cation Axis) (Fertility Axis)
Biomass (g/m?) —0.145 0.539
Percent organic matter —0.265 0.397
Phosphorus (ppm) —0.369 0.072
Calcium (mol/kg) 0.376 0.171
Magnesium (mol/kg) 0.363 —0.100
Percent clay 0.391 0.053
Nitrogen (mg N/kg soil) 0.104 0.496
Percent sand -0.379 —0.159
Cation exchange capacity 0.430 0.024
pH 0.080 0.482

Notes: PCI accounts for 51.6% of variance in the ten var-
iables, and PC2 accounts for 28.9% of variance. Each variable
represents the composite of six 1-m? plots. The eigenvectors
indicate the strength of the relationship between the source
variables and the composite PCA axis: the larger the absolute
value of the eigenvalue, the greater the contribution of that
variable to the axis. Soil elements are expressed as parts per
million parts of soil.

change capacity and high sand content, and the
hummock plant community is dominated by native an-
nual forbs (e.g., Lasthenia californica, Plantago erecta,
Gilia achilleifolia, and Coreopsis bigelovii) and le-
gumes (Astragalus gambelianus, Lotus strigosus, Lotus
wrangelianus, and Trifolium albopurpurea). The soils
in the surrounding matrix are deeper and more fertile,
with higher concentrations of N, organic matter, and
clay, and the plant community is dominated by exotic
annual grasses (e.g., Avena barbata, Bromus hordea-
ceus, and B. madritensis) and forbs (e.g., Lactuca ser-
riola, Erodium cicutarium, and Medicago polymor-
pha). Gram et al. (in press) provide detailed descrip-
tions of how plant composition and soil characteristics
vary along the hummock to matrix gradient.
Experimental design

The experiment used a fully randomized block de-
sign with four replicate blocks and three fully crossed
treatments within each block: (1) distance from hum-
mock boundary (1 m or 10 m; hereafter referred to as
1-m and 10-m plots), (2) vegetation removal (Control,

Mowed, or Mowed and Burned), and (3) seeding of
native forbs (Control or Seeded). The experimental unit
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was a single 1-m? plot. The four replicate blocks were
distributed across three separate hummocks (mean area
= 3018 m?); two blocks were at opposite ends of a
single 6626-m? hummock. Within each of the eight
unique combinations of distance and block (4 blocks
X 2 distances), six 1-m? plots were arrayed in a line
perpendicular to the hummock edge (two levels of
seeding X three levels of vegetation removal) for a
total of 48 plots.

Each spring from 1997 through 2001, we sampled
the vegetation in each individual plot during the period
of peak biomass, which occurs in the late spring. We
used two sampling strategies: (1) direct counts of all
stems of each native species within each plot, and (2)
pinframe sampling to estimate the percent cover of all
species (native and exotic), litter, bare ground, and
rock. Each pinframe sample consisted of 36 vertical
wires arrayed in a10-cm grid in the center of each plot.
We recorded the identity of all species that touched a
wire.

We collected the first set of plant composition data
in 1997, prior to any experimental manipulations. Fol-
lowing the sample collections in 1997 and 1998, we
used hand shears to cut all vegetation in the plots as-
signed to the Mowed and Mowed-and-Burned treat-
ments. This plant material was removed for the Mow-
ing-only treatment and burned in situ for the Mowing-
and-Burning treatment.

After applying the Mowing and Burning treatments
in 1997, we added the seed of two native annual forbs
that are common on the adjacent hummocks: Plantago
erecta (Plantaginaceae) and Lasthenia californica (As-
teraceae). These forbs are diminutive plants that, at our
study site, reach a maximum height of ~10 cm and
have their highest densities near the edges of hum-
mocks (Gram et al., in press). We added an equal vol-
ume of dried seed of each species to each plot (~20
mL). We estimated the number of germinable seeds
added to each plot by cal culating the maximum seeding
effect in 1998 after accounting for between-year change
in abundance in the control plots (130.7 seeds/m? for
P. erecta and 33.7 seeds/m? for L. californica).

Abiotic variables as covariates

In addition to sampling community composition, we
collected soil chemistry and plant biomass data as abi-
otic covariates. In the fall of 1998, we collected a 20
cm deep soil core from the edge of each 1-m? plot. We

TABLE 2. ANOVA comparing the level of two principal components used as covariates across

four blocks (hummocks) and two distances f

rom the hummock edge (1 m and 10 m).

PC1 (Cation Axis)

PC2 (Fertility Axis)

Source df ss F P ss F P
Block 3 22.100 3.370 0.173 11.690 2.380 0.248
Distance 1 7.489 3.420 0.161 3.587 2.190 0.236
Error 3 6.562 4.919
Total 7 36.151 20.197
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(A and B) Native abundance shows no relation to cation concentration (r = —0.14, P = 0.596) or fertility (r =

—0.647, P = 0.083). (C and D) Native richness shows no relation to cation concentration (r = —0.335, P = 0.417) and
declines with fertility (r = —0.805, P = 0.016). (E and F) Exotic species cover is unaffected by cation concentration (r =
0.339, P = 0.412) but tends to increase with fertility (r = 0.704, P = 0.051). The ordinates are two principal components
(Cation Axis and Fertility Axis), which account for 80.5% of the original variability in the 10 original covariates. Data
represent the mean across five years of plots that are either (triangles) 1 m or (circles) 10 m from the edge of a rocky

serpentine outcrop.

combined the six cores from each of the eight block
X distance combinations into a single sample. All soil
samples were analyzed by A and L Western Agricul-
tural Laboratories (Modesto, California, USA) for ni-
trogen, phosphorous (Weak Bray method), magnesium,
calcium (soil elements expressed as parts per million
parts of soil), soil pH, cation exchange capacity (mol/
100 g), percent sand, percent silt, percent clay, and
percent organic matter. At peak biomass in 2001, we
clipped all aboveground vegetation from three regu-

larly spaced strips (10 X 100 cm) from each of the
eight block X distance combinations. The three sub-
samples were combined and dried at 70°C until they
reached constant mass and were weighed to the nearest
0.01 g.

Because of the high level of correlation among the
various soil and biomass covariates, we used Principal
Components Analysis (PCA) to reduce the dimension-
ality of the data. The first two principal components
accounted for 80.5% of the variance in the ten original
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TaBLE 3. Results of a MANOVAR testing for overall community-level response (Levels) to vegetation removal at two

distances from a serpentine hummock.

Native richness Native abundance Bare ground Litter Exotic cover
Source df ss P ss P ss P ss P ss P
PC1 1 0.005 0.898 15.702  0.595 0.276  0.002 0.147  0.020 0.069 0.123
PC2 1 0.001 0.959 43599  0.380 0.175  0.008 0.163  0.015 0.020 0.393
Block 3 3.176 0.037 252.354  0.239 0.615 0.001 0.217 0.048 0.257 0.051
Distance (D) 1 0.879  0.098 94.940  0.203 0.477  0.000 0.261  0.004 0.119  0.050
Removal (R) 2 0.028 0.950 16.076  0.860 0.008  0.808 0.251 0.014 0.021 0.671
D XR 2 0122 0.805 15459  0.865 0.293  0.005 0.163  0.047 0.005 0.903
Error 13  3.605 687.148 0.231 0.271 0.330

Notes: Values show the main effects of block, distance from hummock (1 m or 10 m), and vegetation removal (Control,
Mowed, and Burned) on native richness (species/m?), native abundance (stems/m?), and percent cover of bare ground, litter,
and exotic species. Results show the overall response across five years. Two principal components are included as covariates
in the analyses: PC1 (Cation Axis) and PC2 (Fertility Axis). Values of P significant at the 0.05 level are shown in bold.

variables (Table 1). The first axis (PC1) was positively
correlated with four variablesrelated to soil cation con-
centration (Ca, Mg, cation exchange capacity, and per-
cent clay) and negatively correlated with P. The second
axis (PC2) was positively correlated with three mea-
sures related to soil fertility (standing crop, N, and
percent organic matter), as well as pH. We refer to PC1
as the Cation Axis and PC2 as the Fertility Axis. Nei-
ther the Cation nor Fertility Axis was significantly re-
lated to block or distance from the hummock. However,
block accounted for ~60% of the variability in each
axis (Table 2), indicating that the abiotic variablesvary
strongly across the study site, but are similar among
distance categories. We used these two axes as covar-
iatesin the statistical analyses (see Methods: Satistical
analysis), though their inclusion did not affect the over-
al conclusions of the analyses.

We have only a single collection of soil and biomass
data for each of the eight block X distance combina-
tions. Thus, the covariates are statistically confounded
with block and distance. For thisreason, there are cases
when neither covariate is statistically significant in
models containing block and distance, yet there is a
clear relationship between the covariate and the re-
sponse variable. In general, removing the block effect
from these models caused the covariates to become
strongly significant, suggesting the importance of
across-site abiotic gradients.

Statistical analysis

We used multivariate analysis of variance with re-
peated measures (MANOVAR) to test for effects of our
treatments within and among years (Potvin et al. 1990,
von Ende 1993). We follow the protocol described by
von Ende (1993) for testing three hypotheses using the
MANOVAR approach: levels, flatness, and parallelism.
The levels hypothesis tests whether treatment means
vary when averaged across years (e.g., does exotic cov-
er differ in burned and unburned plots?). The flatness
hypothesis tests whether there are significant changes
over time when responses are averaged across treat-

ments (e.g., does exotic species cover change during
the course of the experiment?). The parallelism hy-
pothesis tests whether among-year changes in means
differ among groups (e.g., does the change in exotic
cover over time differ in burned and unburned plots?).
A lack of parallelism is indicated by the presence of
significant treatment by year interactions. In addition
to the overall test for parallelism, we present the results
of aseries of contrasts that compare differences among
all pairs of adjacent years for tests that have significant
treatment by year interactions using the PROFILE
transformation in SAS (SAS Institute, Cary North Car-
olina, USA). These contrastsindicate the source of year
by treatment interactions.

Within the MANOVAR framework, there is achoice
of tests for the time and time X treatment effects; we
report results for Wilks' \, but note that results were
qualitatively similar for Pillai’s Trace and the Hotell-
ing-Lawley Trace. We used a square-root transforma-
tion on all count variables to stabilize the variance. All
analyses were conducted in SAS (SAS Institute, Cary,
North Carolina, USA).

Separate analyses were conducted for population vs.
community response variables. We examined only the
effect of distance and removal treatments on the five
community-level variables: native richness (species/
m?), native abundance (stems/m?), and percent cover
of bareground, litter, and exotic species. Exotic species
abundance was measured as cover rather than stem
counts because of the difficulty in distinguishing in-
dividual grass genets. We included only plots that did
not have seed added in these analyses because we want-
ed to examine the effects of distance and vegetation
removal on the community in the absence of seeding
native species. The experimental seeding treatment
may have masked the background changes in abun-
dance in response to the other treatments. In contrast,
we included all plots when determining the effect of
distance, removal, and seeding on the two population-
level variables: the abundance of the seeded native
forbs, P. erecta and L. californica.
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Fic. 2. Burning and mowing had no effect on (A and B) cover of bare ground and (C and D) litter in plots that were 1
m from the edge of a rocky outcrop (A and C) and they had transient effects in samples taken 10 m from the outcrop edge
(B and D). The 10-m plots that were mowed or burned had more bare ground (B) and less litter (D) than did control plots
in the years immediately following mowing and burning. These vegetation removal treatments were applied after the plots

were sampled in 1997 and 1998. Error bars indicate =1 sem.

REsuULTS
Community-level responses in the absence of seeding

Native richness and percent cover of exotic species
were related to the abiotic covariates summarized by
the Fertility Axis but not the Cation Axis (Fig. 1).
However, as noted in the methods, these relationships
were not significant in models that included block and
distance effects (Table 3). Native richness and abun-
dance tended to decline with increasing fertility (Fig.
1B, D). Soil fertility (PC2) affected native abundance
only in the plots close to the hummocks: native abun-
dance was always low in the 10-m plots, but declined

with increasing fertility in the 1-m plots (Fig. 1B). In
contrast, exotic cover tended to increase with fertility
regardless of distance (Fig. 1F).

The community response of natives was generally
different from that of exotics, litter, and bare ground.
Percent cover of bare ground, litter, and exotic species
changed with distance from hummocks, but nativerich-
ness and native abundance were constant (Table 3).
Cover of bare ground was higher near the hummocks,
whereas litter and exotic species were more prevalent
in the 10-m plots (Table 3, Fig. 2). Vegetation removal
(i.e., burning and mowing) only had a significant effect
on cover of litter (Table 3), though this effect was tran-
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TaBLE 4. Results of a MANOVAR testing for Flatness and Parallelism in the community-level response to vegetation

removal at two distances from a serpentine hummock.

Native richness  Native abundance Bare ground Dead cover Exotic cover
Source df N P N P N P N P N P

Year (Y) 4 0421 0.051 0.767 0.576 0.271  0.007 0.069 0.000 0.113 0.000
Y X PC1 4 0.808 0.674 0.969 0.986 0.433 0.058 0.419 0.051 0.316 0.014
Y X PC2 4 0.698 0.417 0.886 0.858 0.377 0.032 0.303 0.012 0.239 0.004
Y X Block 12 0.242 0.158 0.432 0.619 0.128 0.019 0.172 0.053 0.240 0.154
Y X Distance (D) 4 0.811 0.682 0.952 0.970 0.442 0.064 0.444  0.065 0.323 0.015
Y X Removal (R) 4 0.695 0.842 0.771  0.936 0.338 0.137 0.146  0.005 0.391 0.220
Y XD XR 4 0543 0.540 0.670 0.803 0.261 0.054 0.283 0.073 0.439 0.311

Notes: Values show the among-year effects of block, distance from hummock (1 m or 10 m), and vegetation removal
(Control, Mowed, and Burned) on native richness (species/m?), native abundance (stems/m?), and percent cover of bare
ground, litter, and exotic species. Two principal components are included in the analysis: PC1 (Cation Axis) and PC2 (Fertility
Axis). Values of P significant at the 0.05 level are shown in bold.

sient (Fig. 2, Tables 4 and 5). There were significant
interactions between the distance and removal treat-
ments for both bare ground and litter, as well (Table
3). Mowing had only a weak and transient effect on
the cover of litter and bare ground in the 1-m plotsin
1998-1999, and burning had a stronger, though still
transient, effect on these vegetation metrics (Fig. 2,
Table 5). These treatment effects attenuated rapidly af-
ter the cessation of the treatments and were not de-
tectable in 2000 (Fig. 2). Exotic cover changed among
years (Table 4), but after correcting for post-hoc anal-
ysis, none of the individual year differences was sig-
nificant (Table 5).

There were strong differences in the community
among the sampling years (Fig. 3), which were closely
related to the dramatic differences in timing and
amount of rainfall (Fig. 4). For example, the cover of
exotics tracked rainfall, dropping dramatically from
1998, the wettest year of the study, to 1999, the driest
(Fig. 3C). Thisdrop in exotic cover was greatest in the
plots close to the hummocks, as indicated by the sig-
nificant year by distance interactions (Table 4).

Response of seeded species

The responses of our target species (L. californica
and P. erecta) to the environmental covariates were
similar to those of total native abundance in the absence
of seeding (Fig. 5, Table 6). In the 1-m plots, density
of both species declined with increasing fertility (Fig.
5B, D), while in the 10-m plots, both species were
consistently low in abundance. Both species were more
abundant in the plots 1 m from the hummock than in
the 10-m plots. There were no significant relationships
between the background abundance of L. californica
(r = 0.389, P = 0.341) and P. erecta (r = —0.012, P
= 0.979) and the magnitude of the seeding effect, sug-
gesting that seeding treatments succeeded in establish-
ing populations in microsites not previously occupied
by these species.

The seeding treatment increased the abundance of
both species (Fig. 6B, D), but the effects were more
complicated for L. californica than for P. erecta (Table
7). Only the main effect of seed addition and the seed
X year interaction were significant for P. erecta (Tables

TaBLE 5. Profile analysis using contrasts to compare the effects of distance from hummock
(1 m or 10 m) and vegetation removal (Control, Mowed, and Burned) on percent cover of
bare ground, litter, and exotic species in adjacent years.

1997 vs. 1998 vs. 1999 vs. 2000 vs.
Variable and treatment 1998 1999 2000 2001
Bare ground
Year (Y) X Distance (D) 0.031 0.758 0.037 0.263
Y X Removal (R) 0.010 0.072 0.486 0.738
Y XD X R 0.431 0.459 0.002 0.375
Dead cover
Y XD 0.104 0.357 0.172 0.453
Y XR 0.013 0.926 0.011 0.223
Y XD XR 0.746 0.203 0.087 0.172
Exotic cover
Y XD 0.028 0.106 0.904 0.381
Y X R 0.023 0.160 0.120 0.294
Y XD XR 0.137 0.698 0.767 0.211

Notes: Significant tests indicate that among-year changes varied across treatment groups.
Contrasts are based on the MANOVAR analysis shown in Tables 3 and 4. Boldface comparisons
are significant using a Bonferroni adjustment for four repeated tests (a = 0.0125).
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6 and 7). The seed-addition treatment increased P. er-
ecta abundance in all years and at both distances (Fig.
6C). Adding seed to the 10-m plots caused a persistent
increase in the abundance of P. erectato alevel similar
to that in unseeded 1-m plots. The interaction between
seeding and year was caused by the dramatic density
increase in seeded P. erecta plotsin 1998 compared to
the pretreatment plots in 1997 and unseeded plots in
1998 (Fig. 6, Table 8). The removal treatments had no
detectable effect on P. erecta abundance across seeded
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and unseeded plots (Fig. 7C, D, Table 6), and was
invariant among years (Tables 7 and 8). The seeding
effect for P. erecta was unrelated to the cover of ex-
otics, bare ground, or native richness (Fig. 8B, D, F).

In contrast to P. erecta, many factors had significant
effects on L. californica abundance and seeding per-
formance (Table 6). In particular, this species was quite
variable among years and treatments (Table 7). In un-
seeded plots, L. californica declined in density with
distance from a hummock (Fig. 6B). Adding seeds of
L. californica led to an initial increase in abundance
in both 1-m and 10-m plotsin all treatments (Figs. 6A
and 7A, B). However, all L. californica populations
declined in the 10-m plots, regardless of treatment,
from a peak in 1998 (the highest rainfall year) through
2001 (Figs. 6A and 7B). The magnitude of the seeding
effect for L. californica increased with the cover of
bare ground and richness of the native community and
declined with cover of exotic species (Fig. 8A, C, E).

DiscussioN

We can strongly reject the hypothesis that compet-
itive interactions acting al one during establishment and
growth prevent the reestablishment of the native forbs
in the matrix habitat (H2). In the absence of seeding,
burning or mowing did not affect the richness or den-
sity of natives or cover of exotics. Instead, seed avail-
ability appears to constrain the recruitment of annual
forbs into this exotic annual grassland (H1). All of our
plots had >65% cover of exotic species, yet with a
single addition of seed we were able to establish viable
stands of native annual forbs in many plots. We found
some evidence for an abiotically mediated competitive
relationship (H3) in our examination of the effects of
natural fertility gradients and year-to-year variability
in precipitation. We found that native abundance and
richness were higher in low fertility sites and at sites
closer to the hummocks. While distance was not cor-
related strongly with fertility, it is likely that this dif-
ference is due to the shallower soils typical inside the
hummock boundary (Gram et al., in press).

Our results illustrate the importance of seed limi-
tation in California grasslands: Simply exposing bare
ground through mowing and burning did not increase
the richness or abundance of native species. Seed lim-
itation is probably the result of a combination of fac-
tors, including the lack of a persistent seed bank in
Californiaannual grasslands (Bartolome 1979), limited
dispersal distances for many natives, and the long-term
establishment of the exotics that dominate the system.
We found no evidence that the seeding effect was re-
lated to the local abundance of the speciesin the control
plots, which indicates that recruitment limitation im-
poses more constraints on species distributions than do
environmental conditions (Turnbull et al. 2000). Re-
cruitment from the regional species pool has been long
recognized as a major factor controlling community
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composition (seereviewsin Tilman 1997, Shurin 2000,
Turnbull et al. 2000).

Turnbull et al. (2000) found that seed addition in-
creased the abundance of species in about half of the
40 seed-addition experiments reviewed. Among the
studies of arid grasslands cited in the study, ~40% were
found to be seed limited, but unlike the California
grassland described in our study, the majority were
dominated by perennial species. In general, commu-
nities that are considered early successional showed
more tendency to be seed limited (Turnbull et al. 2000).
In the California grasslands, our study and others have
shown that sites with sufficient water and nutrientstend
to be dominated by exotic grasses (McNaughton 1968,
Huenneke et al. 1990, Hobbs and Mooney 1991). But
there is little evidence that cessation of disturbance,
tilling, or grazing in these grasslands leads to succes-
sion or reestablishment of natives or perennials (Bar-
tolome 1989, Stromberg and Griffin 1996, Leiva et al.
1997). The grasslands in our study may resemble early-
successional communities without short-term prospects
for change.

The seeded species differed in the degree of their seed
limitation. P. erecta was strongly seed limited in all
sites; seeding led to a consistent increase in density re-

gardless of the distance or removal treatments. In con-
trast, the success of seeding L. californica was the out-
come of complex interactions between seed limitation
and abiotic factors (e.g., site fertility and precipitation).
Overall, seeding initially increased the abundance of L.
californica, but this effect was strongest and most per-
sistent in the shallow soils near hummocks.

Our results provide some evidence that variability in
precipitation played arole in determining the outcome
of competitive interactions between native forbs and
exotic grasses (H3). The duration of our study incor-
porated a wide range of precipitation, including the
1997-1998 El Nifio, which produced the single wettest
month and the second wettest water year that the Cen-
tral Coast region of California has experienced in over
100 years. Variability in precipitation was correlated
with dramatic changes in the abundance of native and
exotic species. High precipitation in 1998 increased the
abundance of native species, while exotic cover
dropped dramatically in the subsequent dry year. How-
ever, the time span of our data set is insufficient to
discern general relationships between precipitation and
community invasibility. McNaughton (1968) noted that
moisture availability plays a key role in preventing
exotic grasses from invading the shallow, sandy soils
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of high precipitation. We found that L. californica den-
sity increased dramatically in the 10-m plots during the
highest rainfall year (1998). This finding is similar to
the findings of Hobbs and Mooney for this species
(1991).

of serpentine hummocks, and, in their analysis of an
18-year data set, Pitt and Heady (1978) found that years
with consistent rainfall favor grasses. Hobbs and M oo-
ney (1991) also found that exotic annual grasses were
better able to invade serpentine grasslands during years

TaBLE 6. Results of a MANOVAR testing for overall abundance changes of two native,
annual forbs (Levels) to seed addition and vegetation removal at two distances from a
serpentine hummock.

Plantago erecta Lasthenia californica

Source df ss F P ss F P
PC1 1 1.632 0.020 0.885 101.697 5.440 0.026
PC2 1 1.924 0.020 0.876 82.914 4.430 0.043
Block 3 200.858 0.870 0.468 202.244 3.610 0.023
Distance (D) 1 131.677 1.700 0.201 252.351 13.490 0.001
Seed (S) 1 421.309 5.450 0.026 124.358 6.650 0.015
D xS 1 68.270 0.880 0.354 38.016 2.030 0.163
Removal (R) 2 103.501 0.670 0.519 50.894 1.360 0.271
D X R 2 35.086 0.230 0.798 15.121 0.400 0.671
S X R 2 37.027 0.240 0.788 12.956 0.350 0.710
Error 33 2550.743 819.322

Notes: Values show the main effects of block, distance from hummock (1 m or 10 m), seed
addition (Control or Seeded), and vegetation removal (Control, Mowed, and Burned) on abun-
dance (stems/m?) of the two annual forbs added in the seed-addition treatment. Resultsrepresent
the overall response across five years. Two principal components are included as covariatesin
the analyses: PC1 (Cation Axis) and PC2 (Fertility Axis). Values of P significant at the 0.05
level are shown in bold.
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Using invasion theory to manage and restore native
forbs in California grasslands

Theoretical and empirical research on invasions has
focused on both the characteristics of communitiesvul-
nerable to invasion by exotic species and on the char-
acteristics of successful invaders (e.g., Lodge 1993,
Hobbs and Humphries 1995, Sax and Brown 2000).
This work suggests that successful invaders are char-
acterized by large native geographic ranges, broad
physiological tolerances, high fecundity, rapid growth
rates, and efficient dispersal mechanisms (Baker 1965,
Forcella and Wod 1984, Bazzaz 1986, Moulton and

Pimm 1986, Crawley 1987, Burke and Grime 1996,
Rejmanek and Richardson 1996). Characteristics of
communities that make them susceptible to invasion
include high levels of disturbance (Elton 1958, Frankell
1977, Fox and Fox 1986, Johnstone 1986, Hobbs and
Atkins 1988, Robinson et al. 1995, Burke and Grime
1996, Case 1996, Suarez et al. 1998), bare ground
(Burke and Grime 1996, Stohlgren et al. 1999), and
eutrophication (Huenneke et al. 1990, Burke and Grime
1996). Communities that are geographically isolated
(Elton 1958, Brown 1989) or have low densities of
natural enemies or competitors (Elton 1958, Ricklefs
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Results of a MANOVAR testing for Flatness and Parallelism in the response of

two annual forbs to seed addition and vegetation removal at two distances from a serpentine

hummock.

Plantago erecta Lasthenia californica

Source df N F P N F P
Year (Y) 4 0.953 0.367 0.830 0.692 3.335 0.023
Y X PC1 4 0.806 1.800 0.155 0.699 3.231 0.026
Y X PC2 4 0.803 1.839 0.147 0.682 3.499 0.019
Y X Block 4 0.549 1.692 0.084 0.264 4.336 0.000
Y X Distance (D) 4 0.905 0.791 0.541 0.636 4.301 0.007
Y X Seed (S) 4 0.638 4.247 0.008 0.798 1.895 0.137
Y XD XS 4 0.963 0.291 0.882 0.876 1.058 0.394
Y X Removal (R) 4 0.785 0.963 0.473 0.405 4.291 0.000
Y XD XR 8 0.856 0.608 0.768 0.547 2.642 0.015
Y X SXR 8 0.913 0.348 0.943 0.735 1.250 0.287

Notes: Values show the among-year effects of distance from hummock (1 m or 10 m), seed
addition (Control or Seeded), and vegetation removal (Control, Mowed, and Burned) on abun-
dance of the two annual forbs added in the seed-addition treatment (stems/m?). Two principal
components are included as covariates in the analyses: PC1 (Cation Axis) and PC2 (Fertility
AXxis). Values of P significant at the 0.05 level are shown in bold.

and Cox 1972, Newsome and Noble 1986) may be rel-
atively more subject to invasion, as well. Local species
richness may affect the invasibility of communities,
though the direction of the relationship is unclear; there
is theoretical and empirical support for both a positive
relationship (Robinson et al. 1995, Levine and D’ Antonio
1999, Smith and Knapp 1999, Stohlgren et a. 1999) and
a negative relationship (Elton 1958, Fox and Fox 1986,
Case 1990, Tilman 1997, Knops et al. 1999, Stachowicz
et a. 1999, Lyons and Schwartz 2001).

Most applications of invasion theory focus on un-
derstanding the mechanisms that determine the rate of
spread of exotic species (see Hobbs and Humphries
1995), although invasion theory may also be applicable
to the management and restoration of native species.
Some characteristics of communities that make them

more invasible (such as the richness of the local flora
or the degree of geographical isolation during specia-
tion) are inherent to the community and cannot be
changed through management. Other factors that can
increase invasibility of communities may be altered by
human activity, and are thus good candidates for man-
agement. For example, management strategies may al-
ter abiotic characteristics of a site, such as the avail-
ability of bare ground (Burke and Grime 1996, Turnbull
et a. 2000) and soil fertility (Bakker and Berendse
1999). Alternately, management plans may be able to
alter characteristics of the ‘““reinvading’’ native com-
munity by introducing more species (Smith and Knapp
2001), increasing the number of introductions (Sax and
Brown 2000), or increasing the seeding density (Turn-
bull et al. 2000). Restoration of native species requires

TaBLE 8. Profile analysis using contrasts to compare the effects of distance from hummock
(1 mor 10 m), seed addition (Control or Seeded), and vegetation removal (Control, Mowed,
and Burned) on abundance (stems/m?) of the two annual forbs added in the seed-addition

treatment in adjacent years.

1997 vs. 1998 vs. 1999 vs. 2000 vs.
Variable and treatment 1998 1999 2000 2001
P. erecta
Year (Y) X Distance (D) 0.781 0.790 0.349 0.364
Y X Seed (S) 0.007 0.387 0.166 0.939
Y XD XS 0.904 0.995 0.450 0.746
Y X Removal (R) 0.753 0.707 0.573 0.081
Y X D X 0.957 0.955 0.739 0.123
Y X SXR 0.994 0.633 0.785 0.976
L. californica
Y XD 0.002 0.624 0.935 0.460
Y XS 0.277 0.110 0.762 0.018
Y XD XS 0.434 0.870 1.000 0.073
Y XR 0.224 0.072 <0.001 0.091
Y XD XR 0.425 0.122 0.004 0.256
Y X SXR 0.166 0.543 0.790 0.188

Notes: Significant tests indicate that among year changes varied across treatment groups.
Contrasts are based on the MANOVAR analysis from Tables 5 and 6. Boldface comparisons
are significant using a Bonferroni adjustment for four repeated tests (« = 0.0125).
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the same basic understanding of mechanisms that con-
trol the spread of exotic species. The key difference
between these two scenarios is whether the goal is to
manage a system to minimize the abundance of an ex-
otic species or to maximizetherate of spread of anative
species.

The specific mechanisms that constrain the spread of
native species will determine the success of aternative
management strategies. For example, if a community is
microsite limited and the exotic species are inherently
competitively dominant (H2), the primary goal must be
extirpation and quarantine, because the mere presence of
superior competitors will limit the potential abundance
of native populations. Eradication and quarantine are of -
ten expensive and difficult (Zavaleta 2000, Zavaleta et

a. 2001). If the relative competitive dominance of an
invasive exotic species is maintained through a change
in the abiotic conditions (H3), careful site management
may shift the competitive hierarchy to favor native species
through control of nutrient inputs (Bakker and Berendse
1999, Tilman et a. 1999), burning, grazing, or mowing
(Shoulders 1994, Pollak and Kan 1998, Hatch et a. 1999,
Meyer and Schiffman 1999). The seed-limitation hy-
pothesis (H1) offersthe most hopefor restoration, because
it suggests that viable populations of native species can
be introduced ssimply by seeding at sufficiently high den-
sities.

Seed limitation is common in many plant commu-
nities (Turnbull et al. 2000), and its importance due to
degraded seed banks and geographic isolation has been
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discussed in therestoration literature (Galatowitsch and
van der Valk 1996, Bakker and Berendse 1999). How-
ever, many researchers in restoration ecology focus
their attention solely on the restoration of abiotic con-
ditions and rely on natural colonization to reestablish
the native flora (Mitsch and Wilson 1996). While it is
clear that the restoration of the abiotic environment is
critical, the prevalence of seed limitation in plant com-
munities suggests that simply altering abiotic condi-

0.243, P = 0.561), cover of exotic species (D; r

—0.427, P = 0.291), and

tions may not be sufficient to restore a native com-
munity within a reasonable time span.

For example, although the initial invasion of Cali-
forniagrasslands by exotic annualsis attributed largely
to a shift in abiotic conditions through heavy grazing
and drought (Jackson 1985, D’ Antonio and Vitousek
1992), these grasslands do not return to a native-dom-
inated state even after decades without grazing (Bar-
tolome 1989, Stromberg and Griffin 1996, Leiva et al.
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1997). Similarly, degraded seed banks and geographic
isolation can prevent the reestablishment of the native
florain wetland systems even after the previous abiotic
conditions have been restored (Godwin 1923, Gal atow-
itsch and van der Valk 1996, Bakker and Berendse
1999). If grazed communities possess multiple stable
equilibria, as is suggested by many other studies, then
grassland restoration may require more complicated
measures than simply altering grazing or burning re-
gimes (Noy-Meir 1975, Laycock 1991, Schwinning and
Parsons 1999, Holmgren and Scheffer 2001).

We found that the level of seed limitation varied
between species. P. erecta was strictly seed limited,
while L. californica was seed limited in low fertility
locations and microsite limited in high fertility areas.
These results suggest that the ability of both species
to dominate individual microsites is comparable to that
of exotic annuals; however, seed limitation, combined
with unfavorable local abiotic conditions for L. cali-
fornica, hinders its ability to reenter the exotic-domi-
nated grasslands. If dominance by exotic speciesis not
simply the result of direct competitive interactions,
seeding of native species may be sufficient to create
viable populations of native annual species in areas
currently dominated by exotic species.

Basic research into invasion theory and mechanisms
of coexistence has been used to predict and control the
spread of exotic species and conserve small popula-
tions (Hobbs and Humphries 1995, Shea et al. 1998,
Shea and Chesson 2002). Here we have suggested ways
in which these theories can provide a useful framework
in which to develop management strategies for restor-
ing native species to areas that are currently dominated
by exotic species.
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