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Abstract Many systems are prone to both exotic
plant invasion and frequent natural disturbances.
Native species richness can buffer the effects of
invasion or disturbance when imposed in isolation, but
it is largely unknown whether richness provides
substantial resistance against invader impact in the
face of disturbance. We experimentally examined how
disturbance (drought/burning) influenced the impact
of three exotic invaders (Centaurea stoebe, Linaria
dalmatica, or Potentilla recta) on native abundance
across a gradient of species richness, using previously
constructed grassland assemblages. We found that
invaders had higher cover in experimentally disturbed
plots than in undisturbed plots across all levels of
native species richness. Although exotic species
varied in cover, all three invaders had significant
impacts on native cover in disturbed plots. Regardless
of disturbance, however, invader cover diminished
with increasing richness. Invader impacts on native
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cover also diminished at higher richness levels, but
only in undisturbed plots. In disturbed plots, invaders
strongly impacted native cover across all richness
levels, as disturbance favoured invaders over native
species. By examining these ecological processes
concurrently, we found that disturbance exacerbated
invader impacts on native abundance. Although
diversity provided a buffering effect against invader
impact without disturbance, the combination of inva-
sion and disturbance markedly depressed native
abundance, even in high richness assemblages.

Keywords Diversity - Drought - Exotic plants - Fire -
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Introduction

Many theoretical and experimental studies have
demonstrated that diversity plays a key role in
determining community response to external pressures
(Hooper et al. 2005; Ives and Carpenter 2007). As
natural systems face an increasing combination of
anthropogenic pressures, much research has focused
on understanding the effects of extrinsic factors, such
as invasion and disturbance, on natural communities.
Although many studies have addressed the relation-
ship between diversity and invasion (see review in
Levine and D’Antonio 1999), disturbance and inva-
sion (see review in Hobbs and Huenneke 1992), or

@ Springer


http://dx.doi.org/10.1007/s10530-016-1208-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-016-1208-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-016-1208-0&amp;domain=pdf

3194

S. M. Pinto, Y. K. Ortega

diversity and disturbance (see review in Hooper et al.
2005), few have examined how the interactions among
all three factors impact native abundance within
communities.

The level of diversity can affect community
response to invasion, although other factors may
determine whether invasion increases or decreases
with diversity. Invasion can be promoted by declines in
local native species richness due to an increase in
resource availability (Tilman 1997; Naeem et al. 2000;
Dukes 2002; Fargione and Tilman 2005). However, the
applicability of many local scale diversity—invasibility
experiments to natural systems has been questioned,
because extrinsic factors co-varying with diversity and
invasibility in natural systems are typically kept
constant in these experiments by design (see review
in Fridley et al. 2007). By contrast, in studies where
extrinsic factors are allowed to co-vary with diversity,
high diversity communities tend to be more heavily
invaded, particularly at broader spatial scales (Levine
and D’Antonio 1999; Stohlgren et al. 1999; Tilman
2004). Indeed, extrinsic factors, such as resource
availability, are thought to explain why the negative
relationship between diversity and invasibility, evident
primarily in experimental settings, becomes positive in
natural communities (Wardle 2001; Hooper et al.
2005; Ortega and Pearson 2005). In short, increases in
resource availability can promote both native diversity
and invasion (Huston 2004), potentially overriding the
buffering effect of diversity on invasion that is evident
when resource levels are held constant.

Disturbance is a common force that can increase
resource availability, thereby facilitating invasion
(Hobbs 1989; Hobbs and Huenneke 1992; Huston
1994; Burke and Grime 1996; Hierro et al. 20006),
potentially across diversity levels (Davis et al. 2000;
Wardle 2001). A disturbance, such as fire, for example,
can remove litter accumulation and allow for increased
invader growth (Knapp and Seastedt 1986; Baruch and
Bilbao 1999). More efficient resource capture by the
invaders over natives (Funk and Vitousek 2007) may
also favour invader growth after a disturbance (Huston
2004). Hence, by increasing resource availability,
disturbance may shift the diversity—invasibility rela-
tionship evident in experimental settings from negative
to neutral (Davis et al. 2000; Wardle 2001). That is,
disturbance may increase resource availability to a
point where, even at high diversity, resources are no
longer limiting to invaders, as seen in studies where the
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influence of resource availability on invasibility
swamps diversity-based resistance to invasion (e.g.,
Davis et al. 2000). Similarly, studies show that
diversity confers resilience on communities faced with
disturbance (Tilman and Downing 1994; Hector et al.
2010; van Ruijven and Berendse 2010), but it is unclear
whether this relationship might hold when communi-
ties are also faced with invasion.

While many studies have examined various inter-
actions between diversity, disturbance, and invader
success (see review in Hobbs and Huenneke 1992), a
key question that has received little attention is whether
local-scale diversity continues to impede invader
success even after disturbance or, by contrast, whether
disturbance creates an invasion “window” (Johnstone
1986) that promotes invader success equally across
diversity levels. We are aware of two observational
studies addressing this question. One study in a
forested system found that canopy disturbance was a
more important predictor of invasibility than was
diversity (Eschtruth and Battles 2009), but did not
examine the interactive effects of diversity, invasion,
and disturbance on the native community. Another
study in a grassland system found that highly produc-
tive areas with high diversity were more heavily
invaded after wildfire than were low productivity areas
with low diversity (Harrison et al. 2003). However,
given that extrinsic factors, such as propagule pressure
and resource gradients, were not controlled for in these
studies, it is unclear whether diversity drove the
observed invasibility patterns. Furthermore, as with
the majority of diversity—invasibility studies, these
examples examined invader success, yet did not
explicitly examine impacts of invaders and disturbance
on the native community (Levine et al. 2003).

As it is invader impact which is relevant to natural
communities, and not necessarily invader abundance
itself (Levine et al. 2003), recent studies have focused
on factors that underlie invader impact (Pysek et al.
2012). At a local scale, factors such as diversity of the
resident species, invader abundance, or exotic species
identity may influence invader impact. We are aware
of only three studies that have evaluated the relation-
ship between local-scale diversity and invader impact.
These experiments found that invasibility decreased at
higher diversities, while invader impact either
decreased (Dukes 2002; Maron and Marler 2008a) or
increased (Zavaleta and Hulvey 2004) with native
diversity. Thus, it remains unclear whether invader
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impact scales with invader abundance across diversity
levels when extrinsic factors are held constant. The
identity of the exotic species may also influence
invader impact since exotics differ in their strength of
invasion (Ortega and Pearson 2005) and their com-
petitive abilities (Maron and Marler 2008b). Although
studies across many types of systems have examined
invader impacts at local, community, and ecosystem
levels (Pysek et al. 2012), few have examined how
factors such as diversity and exotic identity may
influence the post-disturbance impact of invaders on
native abundance. Understanding these interactions
could have important ramifications for how systems
are managed, particularly informing the use of distur-
bances, such as fire, as tools for managing native and
exotic abundance (Hobbs and Huenneke 1992).

We experimentally examined the local-scale influ-
ence of disturbance on invader abundance and impact
across a gradient of native species richness, using
previously constructed grassland assemblages. Past
work with these assemblages demonstrated that: (1)
less diverse assemblages were more invaded, (2)
Centaurea stoebe (spotted knapweed) was a more
potent invader than Potentilla recta (sulphur cinque-
foil) and Linaria dalmatica (Dalmatian toadflax), and
(3) invader impact scaled linearly with invader
abundance (Maron and Marler 2007, 2008a, b). In
the current study, we compared invader and native
cover between experimentally disturbed and undis-
turbed assemblages that represented a range of diver-
sity and exotic identity treatments from the initial
study. These analyses allowed us to examine whether
invaders or natives were favoured by the disturbance
treatment, a combination of drought and fire typically
faced by local grasslands. Furthermore, by contrasting
native cover in invaded and uninvaded subplots, we
assessed the impact of focal exotics on natives across
the diversity gradient, in the presence versus absence
of experimental disturbance.

Methods

Study system

We used experimental plant assemblages, which were
originally built in a fallow field at Fort Missoula in

2003, to mimic natural bunchgrass communities,
varying in native species richness, in the surrounding

Missoula Valley, Montana USA. The native species
included three bunchgrasses and thirteen forbs (for
species and functional group identity, see Appendix 1
in Electronic Supplemental Material). Native species
were chosen to represent a range of flowering times
throughout the growing season and various depths of
resource uptake. The three exotic species used, C.
stoebe, L. dalmatica, and P. recta, are all recognized
as noxious weeds in western North America (Rice
2014) and are common in the Missoula Valley. C.
stoebe (Asteraceae) blooms late season and has a large
taproot. L. dalmatica (Scrophylariaceae) is a midsea-
son forb with a woody root crown and lateral roots. P.
recta (Rosaceae) also blooms midseason, but has a
single woody crown or a deep taproot.

The results of the first portion of this study, which
examined the influence of diversity on invasibility and
invader impact, have been published elsewhere
(Maron and Marler 2007, 2008a, b). The second
portion of the study, described here, examined the
influence of disturbance on diversity—invader impact
relationships. The disturbance treatment (disturbed by
drought/fire, n = 30; or not disturbed, n = 22) was
applied to plots representing a range of native species
richness levels (2-10 species at the start of the current
study). Subplots within each plot represented each of
four previously applied invasion treatments (unin-
vaded or invaded by C. stoebe, L. dalmatica, or P.
recta, respectively). We examined the effects of these
three treatments, and their interactions, on native and
exotic abundance.

Experimental design: initial study

In the spring of 2003, experimental plant assemblages
(n = 72) consisting of 3 x 3 m plots were established
by transplanting greenhouse-reared native seedlings
grown from locally collected seeds. Each plot was
divided into four 1.3 x 1.3 m subplots separated by
0.4 m buffer strips (Fig. 1), and each subplot was
planted with an identical species mix at the same
initial density to represent one of 12 diversity treat-
ments (Appendix 1 in Electronic Supplemental Mate-
rial). Diversity treatments ranged in the number of
native species (2-16) and functional groups (1-6),
comparable to richness documented in natural grass-
land communities in the region (Maron and Marler
2008a). That is, each plot had an assigned species
richness composed of selected species, and subplots
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Fig. 1 Plots were arranged into three blocks. An entire plot,
represented by the black square, had the same native species
richness and composition. Plots were planted with an assigned
richness from 2 to 16 native species (Appendix 1 in Electronic
Supplemental Material for species list). Plots were divided into
four equally sized subplots (grey dashed lines), separated by a
40 cm buffer. The invasion treatments, randomly applied to the
subplots, included knapweed (Centaurea stoebe), toadflax
(Linaria dalmatic), cinquefoil (Potentilla recta) and native
(uninvaded). Disturbance (drought/fire or not) was applied at the
plot level

therein were weeded several times throughout each
growing season to maintain the assigned composition.
Buffer strips between subplots were also weeded of all
plants. Plots were arranged in three blocks distributed
across a fairly homogeneous tilled and fallow field,
with plots separated by 3 m within blocks, and blocks
separated by 6 m.

After two growing seasons, in the fall of 2004, three
invasion treatments were randomly assigned to sepa-
rate subplots within each plot. Subplots were invaded
with either 10.71 g of C. stoebe seeds, 0.76 g of L.
dalmatica seeds, or 0.85 g of P. recta seeds, which
represented the same number of seeds of each exotic.
The fourth subplot in each plot was left uninvaded
(hereafter referred to as the native subplot). In
September 2005, to ensure propagule pressure was
not limiting, subplots were reinvaded with half as
many seeds of the same exotic species added in 2004.
For each exotic species, total seed weight added across
2004/2005 corresponded to 7500 seeds in each
assigned subplot. Subplots were weeded several times
per growing season to maintain the assigned exotic
and native species composition.

From 2004 to 2007, half of the plots at each level of
diversity received a water addition treatment during
the growing season as part of previous work. This
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work showed that there was no significant independent
or interacting effect of the water treatment on native
biomass, biomass of L. dalmatica or P. recta, or their
impact on natives (Maron and Marler 2008a, b),
although watering promoted C. stoebe biomass but not
its impact (Maron and Marler 2007). In the present
study, we assigned former un-watered and watered
plots equally between disturbance treatments, but did
not include water addition as a factor in our analyses.

Experimental design: current study

For the current study, which began in 2009, we
randomly assigned a subset of 30 plots (stratified by
the historic water treatment) across all three blocks to
an experimental disturbance treatment and 22 plots
across all three blocks to a no-disturbance control.
These plots represented a range of the original
diversity treatments. Specifically, species richness,
as measured in uninvaded subplots in 2009, ranged
from 2 to 10 native species and 1 to 5 native functional
groups in both disturbed and undisturbed plots. The
average £ SE species richness for uninvaded subplots
in 2009 was 5.1 &+ 0.3 species. These 2009 levels of
richness are the baseline used for the current study and
provide a range of diversity treatments, albeit con-
strained relative to the original treatments due to
species loss.

The disturbance treatment was applied at the plot
level in 2009, and consisted of a drought followed by a
burn. Drought and fire are disturbances common to
grasslands in the intermountain west (Axelrod 1985),
and fire typically occurs in conjunction with drought
(Westerling et al. 2006) in late summer when lightning
strikes ignite dry and senesced vegetation (Old 1969;
Kozlowski and Ahlgren 1974). To impose the drought
portion of the disturbance treatment, each time it
rained during April-June, which spans the wet season
in our region, we covered plots with 4.5 x 4.5 m clear
plastic tarps (>80 % light transmittance) that were
suspended above plots with bungee cords connected to
1 m tall metal fence posts. Tarps reduced rainfall over
the treatment period from an average of 9.1 £ 0.3 to
2.1 &£ 0.3 cm per plot. Our drought treatment pro-
duced an appreciable reduction in rainfall despite the
fact that ambient rainfall was below the average
historical level of 12.2 cm (based on data for April—
June, 1948-2005, obtained from the Western Regional
Climate Center: http://www.wrcc.dri.edu/). To impose
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the fire portion of the disturbance treatment, in August
2009, we used hand-held drip torches to light one side
of the plot and ensured the entire plot burned. The
prescribed burn was of low intensity and applied in
late-summer, to mimic typical grassland fires in our
region (Fischer and Bradley 1987).

Data collection

We used a 1 m? quadrat placed at the center of each
subplot (uninvaded or invaded by C. stoebe, L.
dalmatica, or P. recta) to estimate percent cover for
three variables: (a) native grasses, (b) native forbs, and
(c) the focal invader. Quadrats were divided into 25
equally sized cells to guide ocular estimation of
canopy cover to the nearest percent. We assessed
cover during the peak of the growing season in June
2009, which was partway through the drought treat-
ment and prior to the burning. We measured cover of
each variable again in June 2011, 2 years after the
disturbance, to determine treatment effects. For data
analysis, native cover was calculated as the sum of
grass and forb cover per subplot in each sampling year.

Data analysis

We used generalized linear mixed models (SAS
version 9.2, GLIMMIX procedure) to examine the
response of assemblages to an experimental distur-
bance (disturbed by drought/fire or not) as a function
of native species richness and invasion (uninvaded or
invaded by C. stoebe, L. dalmatica, or P. recta)
treatments. As explained below, separate models were
run for each sampling year representing either pre-
disturbance (2009) or post-disturbance conditions
(2011). For each sampling year, response variables
were either invader cover, as measured for the focal
exotic species sown in the subplot, or native cover per
subplot. Native species richness, as measured in 2009,
prior to the application of the fire treatment, was
considered a continuous covariate (range 2-10
species) in these models, and disturbance, invasion,
and the interaction of all three treatments were
considered fixed factors. Block and plot, nested within
block, were considered random factors in all models.
Response variables (invader and native cover) were
modeled with a beta distribution after applying a
standard transformation to account for zeros:
(y x (m — 1) + 0.5)/n, where y is cover expressed

as a proportion and n is the total sample size (Cribari-
Neto and Zeileis 2010). We present least squares
means and associated standard errors in the Results to
properly account for random factors and the non-
normal distribution of cover variables.

To determine if there were any pre-treatment
differences between plots assigned to the experimental
disturbed versus undisturbed treatments, we first
tested response variables measured in 2009 prior to
burning. The first of these response variables, invader
cover in invaded subplots, did not differ between
disturbance treatments (F 45 = 0.6, P = 0.45), nor
were any of the interactions between disturbance and
richness or exotic identity significant (for two-way and
three-way interactions, F; 45 91 < 0.7, P > 0.5). Sim-
ilarly, our second response variable, native cover, did
not differ between experimental disturbance treat-
ments in 2009 (F;45 = 0.03, P = 0.86), nor were
interactions between disturbance and richness or
invasion treatments significant (for two-way and
three-way interactions, F 45_133 < 1.4, P > 0.2).

Given that there were no differences in cover
variables by disturbance treatment across richness and
invasion treatments in 2009, we conducted our main
analyses in the most straightforward manner possible
by comparing post-disturbance invader or native
cover, as measured in 2011, among the experimental
treatments. We conducted three separate analyses that
compared: (1) invader cover in invaded subplots
among richness, disturbance, and exotic identity
treatments (i.e., invaded by C. stoebe, L. dalmatica,
or P. recta), (2) native cover in all subplots among
richness, disturbance, and invasion treatments, and (3)
native cover in uninvaded subplots among richness
and disturbance treatments to better elucidate the
baseline response of the native community. Initial
models included all possible interactions among
experimental factors. For analysis of invader cover,
we progressively dropped non-significant interactions
to obtain the final model. For analyses of native cover,
the highest-order interaction was at least marginally
significant (P < 0.1), so we did not drop any
interactions.

In order to examine how the impact of focal exotics
on native cover varied among species richness and
disturbance treatments, we used the full-factor model
described above (analysis #2), and isolated particular
components of the three-way interaction, as follows:
to test for impact of each focal invader as a function of
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remaining experimental factors, we contrasted least
squares means between invaded and uninvaded sub-
plots for each disturbance treatment, at varying levels
of richness. For the latter, we selected three points
along the line modeled by the richness covariate,
specifically at four, six, and eight native species
(“low”, “medium”, and “high” richness, respec-
tively). These levels represent a range of species
richness where 96 % of plots fell, and were selected to
illustrate how the response to disturbance and invasion
varied over the experimental diversity gradient (i.e., to
examine interactions between disturbance, invasion
and the richness covariate). Similarly, to examine how
native cover in uninvaded subplots responded to
disturbance at varying levels of diversity (analysis
#3 above), we contrasted disturbed and undisturbed
treatments at each of the three levels of native
richness. We adjusted our P values for each of these
comparisons as follows: P gjusea = P X n; where “n”
is the number of comparisons.

Table 1 Summary statistics from experimental grassland
assemblages in Missoula, Montana USA, generated from
generalized linear mixed models for three separate response

Results
Invader cover

Disturbance elevated invader cover (P < 0.001;
Table la; Fig. 2) from an average of 20 &+ SE of
3.8 % cover in undisturbed plots to 39 4+ 4.7 % cover
in disturbed plots. This positive effect of disturbance
on invader cover did not differ across the range of
species richness or exotic identity treatments (from the
full model: disturbance X richness: Fj g9 < 0.1,
P = 0.96; disturbance x exotic species: F, 94 = 3.9,
P = 0.34; disturbance X richness x exotic species:
Fro94 = 1.2, P =0.31). However, invader cover
decreased significantly with native species richness
(P < 0.001) and also differed among exotic species
(P < 0.001; Table 1a), with C. stoebe the most
successful invader, followed by L. dalmatica and then
P. recta (Fig. 2). Furthermore, the focal exotics had
different responses to the richness gradient (rich-

variables: (a) invader cover in invaded subplots, (b) native
cover in uninvaded subplots, and (c) native cover in all
subplots (invaded and uninvaded)

df F P
(a) Invader cover (invaded subplots, reduced model)
Disturbance 1, 50 17.1 <0.001
Richness 1, 58 12.4 <0.001
Exotic identity 2,98 9.4 <0.001
Richness x exotic identity 2,98 3.5 0.034
(b) Native cover (uninvaded subplots, full model)
Disturbance 1, 46 10.8 0.002
Richness 1, 46 12.0 0.001
Disturbance x richness 1, 46 8.2 0.006
(c) Native cover (all subplots, full model)
Disturbance 1, 44 3.9 0.056
Richness 1,42 21.1 <0.001
Invasion 2, 138 10.8 <0.001
Disturbance x richness 1, 41 0.8 0.36
Disturbance x invasion 3, 138 1.3 0.27
Richness x invasion 3, 138 49 0.003
Disturbance x richness x invasion 3, 138 2.1 0.10

In all cases, we tested for individual and interacting effects of disturbance (categorical: drought/fire versus control) and native species
richness (continuous covariate measured in 2009: range 2—10 species). Additionally, for (a), we considered the effect of exotic
identity (Centaurea stoebe, Linaria dalmatica, or Potentilla recta) and for (c), the effect of invasion (uninvaded or invaded by one of

the three focal exotics). See text for model details
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ness x exotic identity: P = 0.034; Table 1a). That is,
the negative relationship between invader cover and
richness was steepest for C. stoebe, followed by L.
dalmatica and then P. recta, and differences in cover
among species generally diminished with increasing
richness (Fig. 2).

Native cover

In uninvaded subplots, native cover overall was lower
in disturbed than undisturbed plots (P = 0.002) and
increased with richness (P = 0.001; Table 1b; Fig. 3).
However, richness buffered native cover against the
negative effect of disturbance, as revealed by the
significant interaction between disturbance and rich-
ness (P = 0.006; Table 1b). Specifically, mean native
cover was modestly depressed in disturbed relative to
undisturbed plots at low richness (contrast:
t46 = —3.2, P = 0.009), but not at medium (contrast:
t46 = 0.1, P >0.9) or high richness (t46 = 1.8,
P >0.9).

These overall patterns were similar when we
included both invaded and uninvaded subplots in the
analysis: native cover was marginally lower in
disturbed than undisturbed assemblages (P = 0.056),
and native cover increased with increasing richness
(P < 0.001; Table Ic; Fig. 3). However, invasion had
strong effects on native cover that interacted with both
richness and disturbance. Native cover was lower in

_ (@) Centaurea stoebe

_(b) Linaria dalmatica

subplots invaded by a focal exotic relative to unin-
vaded subplots overall (P < 0.001), but the strength of
invader impacts, as measured by the difference in
mean native cover between invaded and uninvaded
subplots, decreased significantly with richness, signi-
fying a buffering effect of richness against invader
impact (richness x invasion: P = 0.003; Table Ic;
Fig. 3). However, this negative relationship between
invader impact and richness was sensitive to distur-
bance, as suggested by the marginally significant
three-way interaction among these factors (rich-
ness x invasion x disturbance: P = 0.10; Table 1c).
Specifically, richness provided a buffer against
invader impact in undisturbed but not disturbed plots,
as evidenced by comparison of mean native cover
between invaded and uninvaded subplots (Fig. 3).
That is, in undisturbed assemblages, the invaders C.
stoebe and L. dalmatica significantly depressed native
cover at low richness (contrasts: ty3g3 = —5.4,
P < 0.006 and t|33 = —3.8, P = 0.001, respectively)
but not at medium (contrasts: ti3g < 2.4 P > 0.1) or
high richness (contrasts: ti33 < 1.5, P > 0.9), and P.
recta did not significantly impact native cover at any
richness level (contrasts: ty3g < 2.0, P > 0.3; Fig. 3a).
In contrast, in disturbed assemblages, all three
invaders significantly impacted native cover at all
levels of richness (contrasts: ty3g > 4.3, P < 0.001;
Fig. 3b). Invader impacts, when significant, were
substantial for all focal exotics, achieving reductions

~ (c) Potentilla recta
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Fig. 2 Effect of native species richness and an experimental
disturbance (applied in 2009) on the percent cover of three
exotic species (least squares means + SE from full model),
measured in 2011 in experimental assemblages in Missoula,
Montana USA. Native richness in 2009 was a continuous
covariate in the generalized linear mixed model; to examine the
effects of disturbance and exotic identity across this covariate

(i.e., interactions between disturbance, exotic identity, and
richness), we output least squares means at three levels of
richness: low (four species), medium (six species), and high
(eight species). These levels were selected for illustrative
purposes to represent the range of species richness where 96 %
of plots fell
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Fig. 3 Effect of native species richness, invasion, and exper-
imental disturbance on the percent cover of native species (least
squares means + SE) in experimental grassland assemblages in
Missoula, Montana USA. Invader impact and its interaction
with richness and disturbance were assessed by comparing the
least squares means for native cover between invaded and
uninvaded subplots in differing richness and fire treatments.
Native richness in 2009 was a continuous covariate in the
generalized linear mixed model. To examine variation in

in absolute native cover of 18-34 % across richness
and disturbance treatments.

Discussion

Although theory and empirical work indicate that
diversity mediates changes in plant communities
spurred by either invasion (e.g., Tilman 1997; Dukes
2002) or disturbance (Tilman and Downing 1994;
Hector et al. 2010) in isolation, it is unclear whether
diversity remains important in communities faced
with both invasion and disturbance. We found that
native species richness provided a buffer to commu-
nity change in three ways: (1) native cover in
uninvaded assemblages was depressed by experimen-
tal disturbance at low richness, but not higher richness
levels; (2) invader cover declined with increasing
richness regardless of disturbance, although the
strength of the relationship varied with exotic identity;
and (3) in the absence of experimental disturbance,
invader impacts on native cover diminished at higher
richness levels. However, this diversity-based resis-
tance to invader impacts was lost in disturbed assem-
blages, where invaders depressed native cover at all
levels of richness. Hence, species richness helped
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invader impacts across this covariate in both disturbed and
undisturbed plots (i.e., interactions between invasion, distur-
bance, and richness), we conducted contrasts at three levels of
richness: low (four species), medium (six species), and high
(eight species). These levels were selected for illustrative
purposes to represent the range of species richness where 96 %
of plots fell. Asterisks above invasion treatments indicate
significant invader impacts on native cover (P < 0.05)

native assemblages to resist disturbance or invader
impact when these forces were faced in isolation, but
the combination of disturbance and invasion acted
together to overcome this resistance and strongly
reduce native cover even at high richness levels.
Native richness provided a buffer to disturbance in
uninvaded assemblages, likely by ensuring the pres-
ence of species resistant to the drought/fire treatment
we imposed. Our low richness assemblages contained
only native bunchgrasses (Festuca idahoensis and
Koelaria macrantha), while higher richness assem-
blages included increasing numbers of forb species,
mimicking the fact that these bunchgrasses are dom-
inant species in native grasslands of our region, while
diversity in these grasslands is driven by forbs
(Lackschewitz 1991). Accordingly, further examina-
tion of our data shows that, native grass cover did not
vary across the experimental richness gradient
(Fi41 =04, P =0.53), while native forb cover
increased with richness (F;4> = 15.7, P < 0.001).
Moreover, native grass cover was suppressed by our
disturbance treatment (F; 39 = 38.8, P < 0.001), but
native forb cover was not (Fj45 = 0.6, P = 0.45).
The differential response of grasses and forbs to our
experimental disturbance parallels the response of
these taxa to wildfire in our region (Antos et al. 1983).
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Furthermore, the drought portion of the disturbance
treatment may have compounded the effects of the fire
by hastening the senescence of grasses that, unlike
native forbs, maintain significant above ground
biomass year-round. Thus, in our study, the native
response to disturbance at low richness levels
appeared to have been driven by bunchgrasses,
whereas higher richness assemblages contained forbs
that were less susceptible to disturbance. These native
forbs thereby conferred diversity-based resistance to
disturbance in the absence of invasion. In our system,
maintenance and restoration of forb diversity may
become an increasingly important management goal
as climate change increases fire probabilities at mid- to
high-latitudes (Moritz et al. 2012).

Diversity also buffered against invader impact in
the absence of disturbance. Specifically, we found that
in undisturbed plots, only low diversity assemblages
sown with the exotic forbs C. stoebe or L. dalmatica
(but not P. recta) experienced significant decreases in
native cover relative to uninvaded subplots seven
years after invasion, while higher diversity assem-
blages resisted impact by all three focal invaders
(Fig. 3a). Previous work in our experimental system
conducted 3 years after invasion and prior to the
disturbance treatment also found greater invader
impact in low diversity assemblages (Maron and
Marler 2008a). Similar patterns were recorded by
Dukes in grassland assemblages in California, USA,
one year after invasion by the exotic forb Centaurea
solstitialis (2002; but see Zavaleta and Hulvey 2004).
We note that few studies have looked beyond the
diversity—invasibility relationship to consider varia-
tion in invader impacts as a function of diversity, or
considered long-term invader impacts (i.e., more than
3 years) and the persistence of diversity’s buffering
effect. Other studies have examined the impacts of
invaders on native diversity (e.g., Hulme and Bremner
2005; Hejda et al. 2009), but few considered whether
invader impact varies with community diversity (see
review in Pysek et al. 2012). Our results indicate that
when background factors are held constant, local scale
diversity can serve to resist invader abundance and
impact seven years after invasion, potentially by
limiting resources available to invaders (e.g., Tilman
2004; Naeem et al. 2000).

However, native communities frequently face both
invasion and disturbance (e.g., Hierro et al. 2006). We
found that disturbance exacerbated invader impacts on

native cover and overrode the buffering effects of
diversity to depress native cover even in high richness
assemblages. Hence, disturbed assemblages at all
diversity levels experienced impacts by all three exotic
species. These results suggest that support the
“driver” model of invasion (MacDougall and Turk-
ington 2005) at low diversities, where the native
community experienced invader impact regardless of
the disturbance. The “passenger” model suggests that
external forces, like disturbance, cause both invader
success and native decline (MacDougall and Turking-
ton 2005). Here, we found that disturbance alone did
not cause native decline at high diversities, although
disturbance did increase invader success and impact.
Thus, it was the interactive effect of invasion and
disturbance that caused native decline. In an observa-
tional study, Harrison et al. (2003) found a negative
diversity—invasibility relationship after a wildfire,
however, neither the diversity gradient nor propagule
pressure were manipulated in this study. We know of
no previous study examining relationships among
resident community diversity, invader impact, and
disturbance within an experimental setting (i.e., where
these factors were manipulated and extrinsic factors
held constant). Our results emphasise the need for land
managers to consider the interactive effects of the
multiple pressures faced by plant communities.

Like many studies examining these factors in
isolation at local scales, we found that invader success
(Naeem 2002; Hooper et al. 2005), as well as invader
impact (Dukes 2002; Maron and Marler 2008a), were
suppressed by diversity and that invaders were facil-
itated by disturbance (Burke and Grime 1996; Har-
rison et al. 2003; Hierro et al. 2006). In the absence of
disturbance, high diversity communities may resist
invasion and associated invader impacts due to a more
complete use of resources than achieved at low
diversity (Lavorel 1999; Fargione et al. 2003; Tilman
2004). This diversity based resistance to invasion
appeared to falter under disturbed conditions, partic-
ularly as measured by impacts on native cover. This
suggests that the invaders may have pre-emptively
taken advantage of resources released by the distur-
bance (Davis et al. 2000), spurred by the superior
ability of exotics to take advantage of these conditions
(Funk and Vitousek 2007; Maron et al. 2012).

The invaders in our study may have differentially
benefited from a late-summer fire because of their
rapid growth and phenologies that extend later in the
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year relative to native species’ (Wolkovich and
Cleland 2011; Pearson et al. 2012). These factors
may allow exotics to more readily capture resources
made available by disturbance (Sheley et al. 1998).
Several observational and experimental studies of
exotics from the same genera examined in our study
showed an increase in abundance of these taxa after
fire (Jacobs and Sheley 2003; Lesica and Martin 2003;
Pearson et al. 2012; but see Emery and Gross 2005;
Besaw et al. 2011), with unknown effects on invader
impacts. In contrast to the exotics most natives in our
system senesce by late summer and hence tended to
burn more easily, as evidenced by the negative effect
of our disturbance treatment on native cover (driven
by bunchgrasses). Experimental drought imposed
prior to burning may have hastened this effect for
natives, whereas the focal exotics tend to remain green
and flower late into the summer even when faced with
drought (Ortega et al. 2012; Pearson et al. 2012) and
may sometimes benefit directly from drought (Coup-
land et al. 1963; Berube and Myers 1982). Hence,
disturbance differentially benefitted the invaders over
natives in our study and allowed for increased impact
of invaders on natives, potentially because invaders
were more efficient at using resources made available
by the disturbance. This exacerbation of invader
impact was particularly relevant at higher levels of
richness where impact was not evident in the absence
of disturbance. Our results suggest that before the
application of landscape management tools (e.g.,
controlled burning) decision makers need to consider
not just native ecosystem response, but also potential
undesirable effects disturbance on existing communi-
ties, including exacerbation of invader impacts.
Despite the fact that both invader cover and impact
were generally greater in disturbed than undisturbed
plots, our results demonstrate that invader impact does
not necessarily scale directly with invader cover after
disturbance. Although there were substantial differ-
ences in cover among the three exotics and across the
richness gradient, their impacts on natives were
nevertheless comparable across these conditions in
disturbed plots (Fig. 3b). For example, P. recta had
the lowest cover of the three exotics, yet had strong
impacts on natives in disturbed plots. Similarly, C.
stoebe, the most abundant invader, dropped in cover
by about 60 % in low relative to high richness
assemblages but caused a comparable reduction in
native cover across the richness gradient. These
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patterns suggest that disturbance allowed the invaders
to cross a threshold in cover, beyond which impact on
native cover was constant. In contrast, previous studies
in undisturbed assemblages found that invader impact,
measured as the proportional difference in native
biomass between invaded and uninvaded assem-
blages, scaled linearly with exotic biomass (Maron
and Marler 2008a). Differences in impact among
invaders across a richness gradient were attributed to
differences in invasibility rather than change in per
capita impacts (Maron and Marler 2008a). In the
current study, resource pre-emption by the invaders
under disturbed conditions (Davis et al. 2000; Funk
and Vitousek 2007) may have allowed invader cover
to cross a threshold after which native richness or
exotic identity no longer influenced the degree of
impact on native cover.

Our study supports the finding that some invasives
thrive after disturbance (e.g. Hobbs and Huenneke
1992; Hierro et al. 2006). We showed that experimen-
tal disturbance mimicking a natural drought/fire event
did not fundamentally alter the negative relationship
between local native diversity and invader cover
documented in numerous studies. Rather, disturbance
elevated cover of exotic perennial forbs to a similar
degree across a gradient of species richness levels.
However, we found that disturbance increased the
impact of these invaders on native cover, particularly
at higher levels of species richness, such that diversity
no longer buffered communities against invader
impact. Hence, although diversity suppressed invader
abundance, even high diversity communities were
vulnerable to invader impacts after a disturbance. The
compound effect of invasion and fire on natives could
thus potentially create an alternative stable state where
communities are dominated by exotic species (Schef-
fer and Carpenter 2003).

As invaders can benefit from natural disturbances,
such as a fire, and disturbance regimes may be altered
by climate change, it will become increasingly
important for land managers to consider the complex-
ities of interacting anthropogenic pressures (Huston
2004). Our results suggest that although diversity can
provide a buffer against invasion and disturbance
when faced in isolation, local diversity is not enough
to buffer against these combined pressures. Thus using
controlled burning to promote maintenance and
restoration of native landscapes must be carefully
considered in light of potential negative impacts of
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invaders on native communities. Future studies should
examine whether these patterns are consistent in other
systems or with different disturbances.
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