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Abstract During the initial establishment phase,
both biotic and abiotic conditions of the resident
community can be important in determining the
persistence of invasive plant populations. Invaders
may act as passengers by tracking variation in
environmental conditions (passenger model), or alter-
natively, may drive changes in environmental condi-
tions which facilitate their continued invasion (driver
model). We distinguish between these two models by
comparing variation in resource availability among
multiple plant community types to invader initial
growth and survival. This study took place in the aspen
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parkland ecoregion of Alberta, Canada, which is a
savanna-type habitat consisting of multiple plant
community types and invaded by nonnative smooth
brome (Bromus inermis). We characterized four
community types by a suite of biotic and abiotic
variables (brome seed density, plant richness, plant
cover, soil pH, soil moisture, and organic and
inorganic N) and performed a brome seed addition
experiment. Brome seedling growth and survival were
greater with increased levels of soil moisture, while
growth decreased with increases in dissolved organic
N, but did not vary with other environmental condi-
tions. Both survival and growth of brome seedlings
were lowest in brome-dominated areas. These results
show support for the passenger model of invasion, as
variation in local environmental conditions were
associated with variation in brome performance.
Further, brome appears to have a negative effect on
its own growth, a pattern uncommon among plant
invaders.

Keywords Smooth brome - Invasion - Aspen
parkland - Passenger - Driver hypothesis

Introduction
Plant invasions involve several distinct phases, includ-

ing long-distance dispersal into the community, suc-
cessful germination, establishment, reproduction,
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population growth, spread, and naturalization (Theo-
harides and Dukes 2007). The initial establishment
phase plays an important role in the invasion process,
as this is when invaders form self-sustaining popula-
tions (Sakai et al. 2001). The survival and growth of
the invader in the establishment phase may depend on
its traits (Rejmanek and Richardson 1996; Hamilton
et al. 2005), or by biotic or abiotic aspects of the
resident community into which it has entered (Elton
1958; Lonsdale 1999), partly explaining why only a
small proportion of species become invasive (Wil-
liamson and Fitter 1996). We use multiple community
types to determine the relationship between the biotic
and abiotic aspects of a local community and the initial
growth and survival of a widespread nonnative
invader, smooth brome (Bromus inermis Leyss.).
Both the composition of a resident plant community
and the availability of resources in the environment are
thought to influence the establishment success of
invaders (Elton 1958; Davis et al. 2000). For example,
increased diversity (species, phylogenetic, and func-
tional) can lead to invasion resistance (Naeem et al.
2000; Fargione and Tilman 2005) through competitive
interactions (Levine et al. 2004) a process commonly
referred to as biotic resistance (Elton 1958; Levine
et al. 2004). Alternatively, plant-herbivore (Parker
and Hay 2005; Pearse and Hipp 2014), or plant—soil
microbe interactions (Klironomos 2002; Reinhart and
Callaway 2006) can also confer biotic resistance
(Levine et al. 2004). Some studies have found a
positive relationship between diversity and biotic
resistance (Wiser et al. 1998; Stohlgren et al. 2003),
while others have found no such relationship (Cully
et al. 2003; Smith et al. 2004), indicating variability in
the role of diversity determining biotic resistance to
establishment. High resource availability is often also
associated with increased invasion success (Davis and
Pelsor 2001; Foster et al. 2009; James et al. 2011),
whereby some invasive species can become stronger
competitors for available resources under high
resource conditions (Vila and Weiner 2004; Vinton
and Goergen 2006; Funk and Vitousek 2007).
Although we might find variation in diversity and
resource availability across invaded and uninvaded
communities, in many cases, it is unknown whether
these patterns are a cause or consequence of invasion.
To address this uncertainty, the ‘passenger/driver’
model for invasion has been proposed (MacDougall
and Turkington 2005). As initially proposed, the driver

@ Springer

model operates when an invader directly induces
changes to the environment to drive patterns of
subsequent invasion. For example, by adding novel
chemicals (Inderjit et al. 2011), altering nutrient
cycling (Ehrenfeld 2003; Piper et al. 2015), distur-
bance regimes (Brooks et al. 2004), or soil biota
(Kourtev et al. 2003), a driver may facilitate its future
establishment. In contrast, the original presentation of
the passenger model occurs when invaders are folerant
of and colonize areas with new or altered disturbance
regimes that may suppress native species, or colonize
habitats with open niches (MacDougall and Turking-
ton 2005). Passengers are thus not the cause of changes
in ecosystems, but instead establish because of
alterations to an ecosystem. However, the passen-
ger/driver models only represent opposite ends of a
continuum and an invader may be a passenger and a
driver simultaneously (Didham et al. 2005). Further,
the interpretation of the passenger model has been
expanded to include changes in ecosystem properties
other than disturbance (e.g., N deposition) which favor
invasive species (White et al. 2013). For example,
brome responds to levels of both soil moisture and N in
the environment (Nernberg and Dale 1997; Vinton and
Goergen 2006) which could increase its invasion
potential; more generally, it is thought that higher
resource levels increase the invasibility of an ecosys-
tem (Alpert et al. 2000; Davis et al. 2000). Thus, the
abundance of invaders in the environment may be
correlated with resource availability as a consequence
of such conditions and not the cause (HilleRisLambers
et al. 2010; White et al. 2013).

We tested the passenger/driver models by using
natural variation in the environment across multiple
community types in place of direct manipulation of
resource levels to indirectly infer brome’s behavior as
a passenger or driver. In four common community
types in the aspen parkland ecoregion of Alberta,
Canada, we sampled the seed bank and performed a
seed addition experiment to determine how initial
brome growth and initial survival vary among com-
munity types in relation to aspects of the existing plant
community and abiotic factors. This system is a
savanna-type habitat with trembling aspen (Populus
tremuloides Michx.) stands alternating with native
grasslands. It provides a particularly relevant context
for testing the passenger/driver models with respect to
resource availability, as it captures aspects of both
forest and grasslands, hosting a mosaic of vegetative
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and topographic variation (Su and Bork 2007). We
used this information to answer the following three
research questions:

(1) How do the community types within the aspen
parkland differ in community composition,
abiotic conditions, and brome seed density?

(2) Are there differences in brome seedling growth
and survival among the different community
types within the aspen parkland?

(3) Are brome growth and survival associated with
local conditions across native communities, and
is this consistent with the passenger or driver
model?

If brome’s establishment corresponds with varia-
tion in resource levels in the environment, this would
support the passenger model. If brome invasion
facilitates its own growth and survival, this would
suggest that brome is a driver of its own invasion,
especially if its invasion is associated with differences
in resource availability.

Materials and methods
Study area and species

This study took place in an approximately 50 ha area
of native parkland at the Roy Berg Kinsella Research
Ranch in Kinsella, Alberta, Canada (53°59'N,
111°39'W). The parkland is a savanna-type habitat,
which contains mixed community types, predomi-
nantly native rough fescue [Festuca hallii (Vasey)
Piper] grasslands, interspersed with patches of trem-
bling aspen (P. tremuloides). Smooth brome can be
found not only in native grasslands, but also in and
along patches of trembling aspen. At even small
spatial scales, there is high spatial turnover in species
composition (Su and Bork 2007) and abiotic
resources, including light, water, N, and P across
different community types within the aspen parkland
(Lamb et al. 2007; Bennett et al. 2014). Thus, the
natural conditions of the aspen parkland provide
substantial variation in initial abiotic conditions,
which provides an excellent study system to determine
the mechanisms controlling invasive plant establish-
ment, allowing differentiation between the roles of an
invader as passenger or driver.

Smooth brome is a C3 perennial grass that has
invaded many areas worldwide (White et al. 1993;
Stacy et al. 2005), including native grasslands of
western Canada (Otfinowski et al. 2007). Brome
invasion is associated with decreases in native plant
diversity (Romo et al. 1990; Fink and Wilson 2011;
Bennett et al. 2014) and changes in ecosystem
function, such as nutrient cycling (Vinton and Goer-
gen 2006; Piper et al. 2015). Another key concern
about brome invasion is its ability to penetrate into
native systems, even in the absence of apparent
disturbances. Further, the role of the biotic and abiotic
conditions that facilitate or inhibit the initial estab-
lishment of smooth brome is not clear.

Experimental design
Layout

We used a randomized block design, totalling 14
blocks in a 50 ha area. Within each block, there were
four plots (1 m?), each consisting of one of four
community types, determined prior to setup: smooth
brome, native grassland, aspen edge, or aspen interior
(total 56 plots), with all plots within 10 m of each
other (Fig. 1). Blocks were selected where native
grasslands and brome patches abutted a patch of aspen
with a minimum distance of 25 m from the nearest
blocks. Where possible, we used separate aspen
patches for each block, but the number of separate
aspen patches that fit these criteria was low—thus,
some large patches of aspen housed multiple blocks.
Plots were chosen that fit the following criteria: (1)
brome plots contained >40 % brome cover and were
always located in native grasslands, while native
grassland plots did not have brome, and (2), aspen
edge plots were located at the edge of an aspen stand,
while the aspen interior plot was located at least 5 m
into the aspen patch from the edge plot.

Environmental and community variables

To test (1) how biotic and abiotic conditions vary
among community types and (2) whether these
conditions are associated with brome growth and
survival, we measured a variety of biotic and abiotic
resources in each community type during the time of
local seed dispersal. We also sampled the seed bank to
test the impacts of resource availability on initial
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Fig. 1 Photograph (fop) and top-down view (bottom) showing
the relative position of the four community types in the aspen
parkland landscape: smooth brome [dominated by Bromus
inermis, left, in front of aspen; (a)], native grassland [fore-
ground, right; (b)], aspen edge (c), and aspen interior [further
into the trees; (d)]. Shown here is one site; there are 14 sites total
Photo credit: A. A. Carrigy

Native

brome establishment (see Table 1 for a summary of
variables measured). During July 2014, we identified
herbaceous and woody perennials by species within a
1 m? sampling area adjacent to each plot and calcu-
lated species richness. In addition, at each sampling
area, percent cover was visually estimated by plant
species (see Appendix Table 4 for a detailed list of
species by community type).

Soil resources, including soil N and moisture, were
measured in each plot as they are known to be limiting
in this system (Cahill and Lamb 2007) and important
for smooth brome growth (Vinton and Goergen 20006).
Dissolved organic N (DON) and pH were also
measured as both may play a role in plant community
dynamics and may change following plant invasion
(Kourtev et al. 2003; Van Der Heijden et al. 2008).
Two soil samples were taken from each plot using
5-cm wide and 15-cm deep soil cores, which were
combined, mixed, placed in a plastic bag and imme-
diately put on ice in a cooler. Soil was sieved through a
2-mm sieve and then analyzed for pH and different
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forms of nitrogen. We extracted nitrogen froma 7.5 g
subsample of soil from each plot for 2 h in 2 M KCl
(Robertson et al. 1999) and the supernatant was frozen
until it was sent to the Biogeochemical Analytical
Service Laboratory at the University of Alberta for
analysis where total N, ammonia, nitrate, and nitrite
were measured by flow injection analysis (Lachat
QuickChem QCS8500 FIA Automated Ion Analyzer,
Loveland, CO, USA). We focused primarily on total
inorganic N and DON. DON is produced by the
extracellular enzymes of soil microbes, which break
down complex insoluble N polymers, forming a pool
of soluble N that may be taken up by plants (Bardgett
et al. 2003; Schimel and Bennett 2004). Total
inorganic N was calculated as the sum of NO,, NO;,
and NH, and dissolved organic N was calculated as
(total N—total inorganic N). To measure pH, we mixed
a 10 g subsample of soil with 20 mL of deionized
water. This mixture was shaken and then analyzed
with a pH meter (Thermo Scientific, Waltham, MA,
USA). Relative soil moisture was measured using a
ThetaProbe soil moisture sensor (Delta-T Devices,
Cambridge, UK) at three random locations in each plot
in July 2014.

To determine how brome seed density varies
among community types, we sampled the persistent
seed bank in each plot during the following growing
season in May 2015. The persistent seed bank contains
seeds that are viable for more than 1 year, and are thus
present at the start of a growing season (Thompson and
Grime 1979). In brief, four soil cores (3 cm
wide x 17 cm deep) were taken at the four corners
of each 1-m” plot and pooled together. Soils were
sampled for smooth brome seeds by removing coarse
(shoots, roots, soil invertebrates) and fine debris
through the washing of soils through two sieves (6
and 0.212 mm) (Heerdt et al. 1996). It is highly
unlikely that brome seeds fell through the fine sieve, as
the seeds are relatively large (5—8 mm; Otfinowski
et al. 2007). The coarse debris was visually inspected
for seeds, and the remaining soil in the fine sieve was
spread in a thin layer over 3 cm of seedling starter mix
(ProMix High Porosity Growing Medium, Premier
Horticulture 1Inc., Quakertown, PA, USA) in
96 x 96 cm greenhouse trays subdivided into eight
12 x 12 cm squares. One control cell per tray, filled
only with seedling starter mix, was used to identify
seed contamination in the greenhouse. We randomly
rearranged the trays three times to account for
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Table 1 Summary of variables measured in four common community types (native grassland, smooth brome, aspen edge, and aspen
interior) at 14 locations within the aspen parkland ecoregion of Kinsella, AB, Canada

Variables Source

Units Sampling
period

Environmental variables

Soil Average of three 0—5 cm deep soil probe measurements Percent volumetric ~ July 2014
moisture water content
Total Two 5 cm diameter, 15 cm deep core mg/g soil July 2014
inorganic
N
Dissolved Two 5 cm diameter, 15 cm deep core mg/g soil July 2014
organic N
pH Two 5 cm diameter, 15 cm deep core pH July 2014
Vegetation variables
Species 1 m? plot No. of species/m? July 2014
richness
Total plant 1 m? plot Percent cover/m> July 2014
cover
Brome seed Four pooled 3 cm diameter, 17 cm deep cores Seeds/cm? May—
density August
2015
Response variables
Survival Proportion survival of ten planted brome seeds Proportion June—
August
2014
Total Sum of aboveground and belowground biomass of all surviving brome seedlings mg June—
biomass at harvest (integrates both survival and average biomass) August
2014
Average Average of biomass of brome survivors at harvest mg June—
biomass August
2014

Ten seeds of smooth brome (B. inermis) were planted in each community type

variation in growing conditions and turned over the
soil after 3 months to promote germination of as many
seeds as possible. We assessed seedlings for a total of
4 months, after which germination ceased. This
amount of time was deemed sufficient to allow brome
to germinate, as brome often emerges quickly after
planting and has high germination rates (Grilz et al.
1994).

Seed addition

Ten seeds of smooth brome, obtained from the Roy
Berg Kinsella Research Ranch, were hand dispersed
withina 7 x 7 cm area onto all plots during mid-June
2014. Seeds were covered by a small wire mesh to
prevent small mammal herbivory, and were allowed to

germinate and grow within each plot without supple-
mental watering or fertilizer for 8 weeks prior to
harvest. Small mammals disturbed one plot, which we
removed from analysis. At harvest, we counted the
number of survivors, roots were separated from stems
and washed (plants were small enough to allow full
collection of roots), and individual parts were dried at
70 °C for 48 h and weighed to determine biomass.

Statistical analysis

To identify differences in species composition across
community types, a perMANOVA (Permutational
Multivariate Analysis of Variance) was performed
on cover estimate/species data using the “slow and
thorough procedures” with Sorensen distances and
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10,000 randomizations (McCune et al. 2002) in PC-
ORD v5.10 (MjM Software, Gleneden Beach, Oregon,
USA). A perMANOVA tests the response of one or
more variables to one or multiple factors using
permutation methods and a distance measure (Ander-
son 2001). Pairwise comparisons on differences based
on community types were conducted with permutation
tests (¢« = 0.05). To test for differences in species
richness, total cover, DON, total inorganic N, pH, and
soil moisture among community types, we performed
individual linear mixed models in R v3.1.2 (R Core
Team 2014) using the /me function in the R package
nime (Pinheiro et al. 2016). All models included the
categorical variable ‘community type’ as a fixed factor
(four levels: native grassland, smooth brome, aspen
edge, and aspen interior) and ‘block’ as a random
factor. We ran pairwise comparisons to test where
differences occurred using the glht function in the
package multcomp (Hothorn et al. 2008).

We ran a generalized linear mixed model with a
Poisson distribution using the glmer function in the R
package Ime4 to test for differences in survival among
all four community types, changing the baseline
community to allow for all possible pairwise compar-
isons (Bates et al. 2015). To answer whether there
were differences in brome growth among all four
community types, we ran linear mixed models using
the function /me in the R package nime (Pinheiro et al.
2016) and performed post hoc pairwise comparisons
of total biomass and average biomass using the glht
function in the package multcomp (Hothorn et al.
2008). We calculated average biomass as the average
weight of the seedlings that survived per plot to the end
of the experiment, while survival was the number of
brome seedlings alive at harvest. Total biomass is a
composite measure, which incorporates both growth
and survival, and was calculated as the sum of the
biomass of all the surviving seedlings per plot.
Survival represents the ability of brome seedlings to
successfully germinate and is the source of new brome
plants in each community type. Average biomass
represents the potential for growth of brome seedlings
in each community type, while total biomass repre-
sents total brome pressure, including both survival and
growth potential.

To test for biotic and abiotic conditions associated
with brome growth and survival across native com-
munities, we ran three linear mixed models, one for
each response variable (brome survival, total biomass,
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and average biomass) in relation to a suite of biotic and
abiotic factors. Here, our focus is on brome growth and
establishment in native plant communities; therefore,
brome plots were excluded from this analysis. Total
biomass was square root transformed in order to meet
the assumptions of analysis. Both measures of biomass
included above and belowground biomass. For each
response variable, we tested a global model that
included the fixed factors community type (three
levels: native grassland, aspen edge, aspen interior),
species richness, total species cover, soil moisture,
DON, total inorganic N, and pH. ‘Block’ was used as a
random factor in all models. Total and average biomass
models were analyzed using the /me function in the R
package nlme (Pinheiro et al. 2016), while survival was
analyzed with a Poisson error distribution using the
glmer function in the R package Ime4 (Bates et al.
2015).

Results
Community variation

Species composition varied among community types
(PerMANOVA; pseudoF = 10.624, p = 0.0001). All
community types differed from each other (p < 0.05)
except for aspen edge and aspen interior (p > 0.5)
(Fig. 2). Species richness, total plant cover, total
inorganic N, and DON differed among community
types (Fz39 =309, p=<0.0001; F539 = 6.,
p=< 00001, F3?39 = 46, p=< 00001, F3’39 =
7.3, p = 0.0075). Native grasslands had nearly double
the species richness compared to all other community
types, which were not different from each other
(Fig. 3a; see Appendix Table 5 for results of pairwise
comparisons). Total plant cover was the highest in
native grasslands and smooth brome, and was the
lowest in the aspen interior (Fig. 3b). Total inorganic
N was the highest in native grasslands and lowest in
aspen edge and aspen interior, and was intermediate in
brome (Fig. 4a). DON was the highest inside aspen
stands, intermediate in the aspen edge, and the lowest
in brome and native grasslands (Fig. 4b). Soil pH
and moisture did not differ among community
types (F330 = 1.2, p = 0.34; F339 = 1.2, p = 0.33)
(Fig. 4c, d).

A total of 590 seedlings of 24 species emerged from
the seedling trays, including 263 forbs (15 species) and
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brome and as such, there appears to be no evidence of a
persistent brome seed bank in any community type in
this system.

Brome initial growth and survival

Initial mean survival, total biomass, and average
biomass were all lowest in the smooth brome
community type (Fig. 5; see Appendix Table 7 for
pairwise comparisons). Brome seedling survival was
the lowest in the smooth brome community
(mean = 0.214 &£ 0.192 SE) and highest in the aspen
interior (mean = 0.564 + 0.227 SE) (Fig. 5a). Total
biomass was lowest in brome and native grasslands,
though total biomass was significantly lower in brome
than aspen edge and aspen interior, while native
grasslands and both aspen plots were no different
(Fig. 5b). Average biomass was the highest in native
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grasslands, but not different among other community
types (Fig. 5¢).

Biotic and abiotic conditions and brome initial
establishment

There was a negative association between DON and
brome total biomass and average biomass
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(Fig. 6a, b), while soil moisture was positively asso-
ciated with total and average biomass (F; 5o = 10.67,
p = 0.0039; Fi,0 = 4.58, p = 0.0449) (Fig. 6¢, d).
Total plant cover, species richness, total inorganic N,
pH, and community type were not associated with
total and average biomass (p > 0.05; Table 2). There
were no factors associated with brome survival across
native communities (p > 0.05; Table 3). However,
when factors were tested individually, soil moisture
was positively associated with survival (z = 2.02;
p = 0.04) (Fig. 6e; Appendix Table 8), in line with
soil moisture’s effect on total and average biomass.
The results differ between models due to the low
degrees of freedom when all factors are included.
Other than soil moisture’s relationship with survival,
the results from these three models with all factors
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included matched the results when the factors were
tested individually (see Appendix Table 8).

Discussion

We found that brome survival and growth were the
lowest in brome-invaded areas. Although we found
differences between community types in a variety of
conditions (e.g., community composition, richness,
cover, inorganic N, and DON), brome was able to
establish in all community types. We found that brome
growth and survival were consistent with the passen-
ger model, as measured by brome’s growth and

survival by responding to variation in some environ-
mental conditions (DON and soil moisture), support-
ing earlier studies (MacDougall and Turkington 2005;
HilleRisLambers et al. 2010). On the other hand, many
other conditions did not affect brome growth and
survival, despite variation across community types
(e.g., community composition, richness, cover, and
total inorganic N), and thus, brome is only a passenger
of certain conditions. Consistent with the driver
model, brome appears to be driving environmental
change within brome patches, causing low growth and
survival of brome seedlings. As such, brome appears
to be a ‘negative driver,” which is in contrast to the
typical view of invaders altering conditions to its own
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Table 2 General linear mixed models testing for biotic and
abiotic conditions associated with smooth brome (B. inermis)
total and average biomass across native communities (n = 42)

Total biomass Average biomass

F p F p
Total inorganic N 0.34  0.56 1.35 0.26
Soil moisture 10.67  0.0039*  12.72 0.0019%*
DON 7.64  0.012% 4.58 0.0449*
pH 0.13 072 0.09 0.77
Species richness 098  0.33 1.30 0.27
Total cover 0.00  0.98 2.38 0.14
Community type 0.06 095 247 0.11

Total and average biomass were analyzed using a normal
distribution, while survival was analyzed using a Poisson
distribution

Significant differences marked with *

Table 3 General linear mixed models testing for biotic and
abiotic conditions associated with smooth brome (B. inermis)
survival across native communities (n = 42)

Survival

< p
Total inorganic N —0.27 0.79
Soil moisture 1.04 0.30
DON —1.84 0.07
pH —0.44 0.66
Species richness —0.07 0.94
Total cover 0.67 0.51
Native grassland—aspen edge —1.23 0.22
Aspen edge—aspen interior —1.56 0.12

Total and average biomass were analyzed using a normal
distribution, while survival was analyzed using a Poisson
distribution

advantage. Because we do not have data showing that
brome is causing change to these environmental
conditions, follow-up studies are needed to establish
the role of brome as a driver. Overall, these results are
consistent with the idea that an invader can be both a
passenger and a driver (Wilson and Pinno 2013).
Although we lack data on brome reproduction and
long-term patch persistence, these findings have
important implications for the maintenance of

@ Springer

diversity and the long-term ecological trajectories of
the community types in the aspen parkland system.

Community variation

While we had close to 600 germinating seedlings in
our greenhouse trays, no brome seedlings emerged,
suggesting that there is no persistent brome seed bank
in this system. The absence of seeds in the seed bank
can be a function of many factors, which we did not
measure in this study, including limited seed disper-
sal, seed predation pre- (McKone 1985) and post-
dispersal (Hulme 1998), post-dispersal transport
(Vander Wall et al. 2005), and seed pathogens
(Blaney and Kotanen 2001). Brome seeds may be
targeted by granivores; however, in feeding trials
with other forage grasses, brome seeds were gener-
ally avoided by deer mice (Peromyscus maniculatus)
(Everett et al. 1978). Previous reports of seed
decomposition by fungus have been recorded in
brome seeds (Blaney and Kotanen 2001), where
seeds germinated from upland soils only after being
treated with fungicide, and no seeds emerged from
wetland areas in Ontario, Canada. Alternatively,
brome seeds may simply have germinated earlier in
the season before soil cores were taken as brome
germination can be >90 % and up to 100 % under a
range of warm-period temperatures, osmotic poten-
tials, and light conditions (Grilz et al. 1994).

Brome growth and survival across all community
types

Although brome seedlings had the lowest growth and
survival in brome patches, levels of biotic and abiotic
resources in brome patches are comparable to other
community types suggesting that the low growth and
survival brome seedlings experience in brome patches
are caused by another unmeasured variable. Brome
may limit its own recruitment in invaded patches due
to competition with already established brome plants.
For example, in plots with >85 % brome cover,
MacDougall and Wilson (2007) reported low recruit-
ment success (<1 seedling per plot in 1 m> plots with
3000 seeds/m?) of five different plant species (1 grass,
2 legumes, 2 forbs) in undisturbed and N-amended
plots. This suggests that there may be strong compe-
tition with established brome plants for available
resources. Alternatively, the soil community may play
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an important role in limiting brome’s establishment.
For example, pathogen accumulation in brome patches
has been previously documented, limiting its growth
and leading to patch die-off (Myhr et al. 1966),
consistent with predictions based on density-depen-
dent soil pathogen accumulation (Janzen 1970; Con-
nell 1971).

We did not find support for biotic resistance
related to species richness or total cover (Levine
et al. 2004). This is similar to Bennett et al. (2014),
who found that species richness and diversity were
not related to biotic resistance to brome invasion. In
contrast, DiAllesandro et al. (2013) found that
species richness was inversely related to smooth
brome biomass. However, DiAllesandro et al.
(2013) used nutrient additions and planted artificial
communities as opposed to natural field conditions
used here, which could explain the discrepancy
between studies. Bennett et al. (2014) reported
strong biotic resistance to brome survival by com-
petition with the native grassland community
depending on the levels of P and N. This is likely
because they tested biotic resistance over 4 years, as
opposed to the single growing season in the current
study. Additionally, we considered brome invasion
into aspen stands and within brome patches as
opposed to native grasslands only.

Biotic and abiotic conditions and brome
establishment

Although soil moisture and dissolved organic N
were found to be associated with brome growth,
only soil moisture explained the variation in brome
survival across native community types. That abi-
otic resources such as N were unrelated to survival
was unexpected, given that additions of these
resources can in general increase seedling survival
(Liancourt et al. 2005). However, this is consistent
with other studies in that brome may perform well
and maintain dominance across a wide range of
moisture and N levels (Nernberg and Dale 1997;
Wilson and Pinno 2013).

In contrast, differences in both total and average
biomass were negatively associated with variation in
levels of DON, while total and average biomass and
survival were positively associated with soil moisture
(Table 2; Fig. 6c, d, e). These results suggest an effect
of DON on growth but not survival, since abiotic

conditions may not only have a direct effect on
growth, but may also mediate the interaction with
neighbors. Neighbor interactions can be strong in this
system: competition with neighboring plants can
reduce plant growth in the seedling stage by up to
90 % (Haag et al. 2004; Lamb et al. 2007). Brome has
been previously shown to be negatively impacted by
low soil moisture, and yet can still retain its compet-
itive dominance at low moisture levels (Nernberg and
Dale 1997). This could explain why we found an effect
of moisture on brome growth and survival, yet brome
is still able to survive and grow in all community
types. Where environments are N-limited, DON can
become an important form of N for plants (Bardgett
et al. 2003; Nordin et al. 2004), such as in this system
(Lamb et al. 2007). However, it is still unclear which
species in this system are capable of taking up organic
N in appreciable quantities. The negative association
between DON and brome growth may influence
aspen-brome dynamics as DON is higher in aspen
stands (Fig. 4b), likely due to secondary chemical
inputs from aspen leaves or root exudates (Kraus et al.
2003). Alterations in the rate of nutrient cycling can
also contribute to plant invasions (Ehrenfeld 2003;
Allison and Vitousek 2004; Rothstein et al. 2004), for
example, levels of total soil N were higher in brome-
invaded patches than uninvaded soils but the rate of
mineralization was also significantly higher in invaded
soils (Piper et al. 2015). Other species in the same
genus also alter soil nitrogen cycling, including
Bromus hordeaceus, (Hawkes et al. 2005), Bromus
rubens (Parker and Schimel 2010), and Bromus
tectorum (Stark and Norton 2015). Thus, the impor-
tance of nitrogen cycling independent of nitrogen
levels for smooth brome invasion dynamics deserves
further attention. We also recognize the role of other
unmeasured abiotic variables, particularly night-time
temperature (Baker and Jung 1968), light, or other
macronutrients that could be related to initial brome
establishment.

Conclusion

We found that brome established in a number of
plant community types in a small area, even in
the absence of apparent disturbance and across a
range of environmental conditions. We also found
support for the passenger model of brome
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invasion with respect to DON and soil moisture,
but not all environmental factors. Given the high
rate of establishment of brome seeds found here,
targeting brome preseed dispersal may be an
effective means of controlling further spread. As
well, areas with higher levels of soil moisture and
low levels of DON may be at a higher risk of
brome invasion. Based on our results and the
previously documented impacts of brome invasion
on native plant communities (Romo et al. 1990;
Fink and Wilson 2011; Bennett et al. 2014), we
suggest that more attention be paid to the
planting and management of smooth brome in
its nonnative range.
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Table 4 Community composition data collected from four common community types in the aspen parkland ecoregion (native
grassland, smooth brome, aspen edge, aspen interior) at 14 locations

Species

Native grassland

Smooth brome

Plots occupied

Mean cover (%)

Plots occupied

Mean cover (%)

Achillea millefolium L.
Agrostis scabra Willd.

Amelanchier alnifolia (Nutt.) Nutt. Ex M. Roem.

Anemone canadensis L.
Apocynum androsaemifolium L.
Aralia nudicaulis L.

Artemisia ludoviciana Nutt.
Astragalus agrestis Douglas ex G. Don
Bromus inermis Leyss.

Bromus porteri (J.M. Coult.) Nash
Campanula rotundifolia L.

Carex stenophylla Wahlb.

Cirsium arvense (L.) Scop.
Collomia linearis Nutt.

Comandra umbellata (L.) Nutt
Dactylis glomerata L.

Danthonia intermedia Vasey
Elymus glaucus Buckley
Chamerion angustifolium (L.)
Erigeron caespitosus Nutt.
Erigeron glabellus Nutt.

Festuca hallii (Vasey) Piper
Fragaria virginiana Duchesne
Gaillardia aristata Pursh

Galium boreale L.

Geum triflorum Pursh
Hesperostipa curtiseta (Hitchc.) Barkworth
Heuchera richardsonii R. Br.
Lactuca tatarica (L.) C.A. Mey.
Lathyrus ochroleucus Hook.
Lilium philadelphicum (L.)
Maianthemum canadense Desf.
Maianthemum stellatum (L.) Link
Muhlenbergia richardsonis (Trin.) Rydb.
Nasella viridula (Trin.) Barkworth
Oxytropis campestris L. DC.
Petasites frigidus (L.) Fr.

Poa palustris L.

Poa pratensis L.

Polygonum convolvulus L.
Populus tremuloides Michx.
Potentilla arguta Pursh

Prunus virginiana L.

13
2
1

13

14

i S s

13

14

2.54
1.5
50

8.6
4.89

—_ = W A = =

6.15

443
5.75

22.71
9.5
8.92

8.25
1.83

25
5.5

7

14

13

13

14

1.29

25

1.8

62.5

4.77

30
1.75
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Table 4 continued

Species

Native grassland

Smooth brome

Plots occupied

Mean cover (%)

Plots occupied

Mean cover (%)

Pulsatilla patens (L.) Mill. 1 3

Ribes americanum Mill.

Rosa arkansana Porter 11 8.36 9 10
Rubus idaeus L. 3 10.67 3 9.67
Rubus pubescens Raf.

Solidago gigantea Aiton

Solidago missouriensis Nutt. 6 1.83 1 1
Stellaria longifolia Muhl. Ex Willd.

Stellaria longipes Goldie 1 1
Symphyotrichum ericoides (L.) G.L. Nesom 2 2

Symphyotrichum falcatum (Lindl.) G.L. Nesom 2 2

Symphyotrichum laeve A. Love & D. Love 13 5.08 8 4.71
Symphoricarpos occidentalis Hook. 12 22.25 14 17
Taraxacum officinale F.H. Wgg. 2 1

Thalictrum venulosum Trel. 1 8
Thermopsis rhombifolia (Nutt. Ex Pursh) Richardson 10 6.9 2 5
Tragapogon dubius Scop. 1 1

Vicia americana Muhl. Ex Willd 12 4.92 8 3.25
Viola adunca Sm. 6 2 1 1
Species Aspen edge Aspen interior

Plots occupied

Mean cover (%)

Plots occupied

Mean cover (%)

Achillea millefolium L.
Agrostis scabra Willd.

Amelanchier alnifolia (Nutt.) Nutt. Ex M. Roem.

Anemone canadensis L.
Apocynum androsaemifolium L.
Aralia nudicaulis L.

Artemisia ludoviciana Nutt.
Astragalus agrestis Douglas ex G. Don
Bromus inermis Leyss.

Bromus porteri (J.M. Coult.) Nash
Campanula rotundifolia L.

Carex stenophylla Wahlb.

Cirsium arvense (L.) Scop.
Collomia linearis Nutt.

Comandra umbellata (L.) Nutt
Dactylis glomerata L.

Danthonia intermedia Vasey
Elymus glaucus Buckley
Chamerion angustifolium (L.)
Erigeron caespitosus Nutt.

Erigeron glabellus Nutt.

_— =R NN

10

10

1.5

1
11.75
3

4

1.5
2
24.1

12.8

12

15

8.56

3.55

2.5

10
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Table 4 continued

Species

Aspen edge

Aspen interior

Plots occupied

Mean cover (%)

Plots occupied

Mean cover (%)

Festuca hallii (Vasey) Piper

Fragaria virginiana Duchesne

Gaillardia aristata Pursh

Galium boreale L.

Geum triflorum Pursh

Hesperostipa curtiseta (Hitchc.) Barkworth
Heuchera richardsonii R. Br.

Lactuca tatarica (L.) C.A. Mey.

Lathyrus ochroleucus Hook.

Lilium philadelphicum (L.)

Maianthemum canadense Dest.
Maianthemum stellatum (L.) Link
Muhlenbergia richardsonis (Trin.) Rydb.
Nasella viridula (Trin.) Barkworth
Oxytropis campestris L. DC.

Petasites frigidus (L.) Fr.

Poa palustris L.

Poa pratensis L.

Polygonum convolvulus L.

Populus tremuloides Michx.

Potentilla arguta Pursh

Prunus virginiana L.

Pulsatilla patens (L.) Mill.

Ribes americanum Mill.

Rosa arkansana Porter

Rubus idaeus L.

Rubus pubescens Raf.

Solidago gigantea Aiton

Solidago missouriensis Nutt.

Stellaria longifolia Muhl. Ex Willd.
Stellaria longipes Goldie

Symphyotrichum ericoides (L.) G.L. Nesom
Symphyotrichum falcatum (Lindl.) G.L. Nesom
Symphyotrichum laeve A. Love & D. Love
Symphoricarpos occidentalis Hook.
Taraxacum officinale F.H. Wgg.
Thalictrum venulosum Trel.

Thermopsis rhombifolia (Nutt. Ex Pursh) Richardson
Tragapogon dubius Scop.

Vicia americana Muhl. Ex Willd

Viola adunca Sm.

1
3

9 = = W

p—

10

11
11

N NN A=

A~

1
333

3.75

4.14

475

10
21.91
21

5

25
24.57
1.5
4.6
1.5

1.75
225

A W = 0 =

10

12
11

1.67

3.75

1.67
1.5

4.6

18.33
6.67
30.42

15.78
35

20.63

3.67

1.75
3.8

Percent cover of all vascular plant species was taken in a 1 m? area in each plot
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Table 5 Pairwise comparisons of environmental variables measured across the four common community types of the aspen parkland
(native grassland, smooth brome, aspen edge, aspen interior)

Species Total cover Dissolved Total pH Soil
richness organic N inorganic N moisture
< P z 14 z 14 z p Z 14 z p
Native grassland—aspen edge 7.2 <0.001* 26 0047 —-22 0.13 2.8 0.03* 1.2 0.63 —-04 097
Aspen interior—aspen edge —-0.6 093 —-1.7 030 1.6 037 -0.1 099 -0.01 0.99 1.3 0.59
Smooth brome—aspen edge —-1.1  0.68 1.1 0.67 -24  0.07 23 0.09 14 050 08 0.83
Aspen interior—native -7.8 <0.001* —-43 <0.001* 3.8 <0.001* -29 0.02* —-12 0.62 1.7 0.33
grassland
Smooth brome—native —84 <0.001* —-1.5 0.46 -03 099 —-0.5 097 02 099 1.3 358
grassland
Smooth brome—aspen interior —0.5  0.96 29  0.02* —4.1 <0.001* 24 0.07 14 049 —-04 098

Significant differences marked with *

Table 6 Species list of seedlings, identified as part of the seed
bank study, collected from four community types in the aspen
parkland ecoregion (native grassland, smooth brome, aspen
edge, aspen interior) at the Kinsella Research Ranch in Kin-

sella, AB, Canada

Community type

Native grassland
Achillea millefolium
Agrostis scabra
Androsace septentrionalis
Artemisia ludoviciana
Carex synocephala
Cirsium undulatum
Mertensia paniculata
Muhlenbergia cuspidate
Poa palustris
Poa pratensis

Smooth brome
Agropyron subsecundum
Agrostis scabra
Androsace septentrionalis
Carex synocephala
Geum triflorum
Mertensia paniculata
Poa palustris
Poa pratensis
Taraxacum officinale

Aspen edge
Achillea millefolium
Agrostis scabra

Androsace septentrionalis

@ Springer

Table 6 continued

Bouteloua gracilis
Carex synocephala
Geum triflorum
Lepidium densiflorum
Mertensia paniculata
Poa palustris
Rubus idaeus
Solidago missouriensis
Taraxacum officinale
Aspen interior
Achillea millefolium
Agropyron trachycaulum
Androsace septentrionalis
Carex synocephala
Geum triflorum
Hesperostipa curtiseta
Mertensia paniculata
Poa palustris
Poa pratensis
Rubus idaeus
Solidago canadensis
Stellaria longifolia
Stellaria sp.

Taraxacum officinale

Seeds were collected by taking four 3 cm wide x 17 cm depth
soil cores at the four corners of a 1 m? plot and pooling them.

Following a sieve treatment to remove large debris, soil was

spread in seedling trays in a greenhouse and allowed to grow

for 4 months (soil was turned over after 3 months)
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Table 7 Pairwise comparisons of survival, total biomass, and average biomass of smooth brome (B. inermis) seedlings across four

community types

Total biomass Average biomass Survival
z p z p z 14

Native grassland—aspen edge —0.87 0.82 1.06 0.72 —1.61 0.11
Aspen interior—aspen edge —0.01 0.99 —0.66 0.91 1.25 0.21
Smooth brome—aspen edge -3.10 0.01%* —2.32 0.09 —3.42 <0.001*
Aspen interior—native grassland 0.88 0.82 —1.75 0.3 2.82 0.005*
Smooth brome—native grassland —2.24 0.11 —3.45 0.003* —1.92 0.055
Smooth brome—aspen interior -3.11 0.01%* —1.70 0.33 —4.52 <0.001*
Ten brome seeds were planted in each community type in 2014 and allowed to grow for 2 months before harvest
Significant differences marked with *
Table 8 Individual linear Total biomass Average biomass Survival
mixed models testing for
associations between F p F p z p
smooth bome (Bromus
inermis) seedling total Total inorganic N 0.1 0.76 0.57 0.46 —1.53 0.13
b%omass, () average Soil moisture 8.74  0.0064*  5.04 0.033%* 2.02  0.04*
biomass and () survival DON 404 0054% 676  0015*  —065 051
and a variety of biotic and
abiotic conditions measured pH 0.14  0.71 1.64 0.21 =017 0.86
across native communities Species richness 0.51 0.48 0.1 0.76 —1.74  0.08

Total cover 0.05 0.83 0.12 0.73 —-0.59 0.55

Community type 0.46 0.64 1.01 0.38

Native grassland—aspen edge 1.61 0.11

Native grassland—aspen interior 2.82  0.005*
Significant differences Aspen edge—aspen interior 125 021

marked with *
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