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Abstract With multiple species introductions and rapid
global changes, there is a need for comprehensive invasion
models that can predict community responses. Evidence
suggests that abiotic constraint, propagule pressure, and
biotic resistance of resident species each determine plant
invasion success, yet their interactions are rarely tested. To
understand these interactions, we conducted community
assembly experiments simulating situations in which seeds
of the invasive grass species Phragmites australis (Poaceae)
land on bare soil along with seeds of resident wetland plant
species. We used structural equation models to measure
both direct abiotic constraint (here moist vs. flooded con-
ditions) on invasion success and indirect constraint on the
abundance and, therefore, biotic resistance of resident
plant species. We also evaluated how propagule supply of
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P. australis interacts with the biotic resistance of resident
species during invasion. We observed that flooding always
directly reduced invasion success but had a synergistic or
antagonistic effect on biotic resistance depending on the res-
ident species involved. Biotic resistance of the most diverse
resident species mixture remained strong even when abiotic
conditions changed. Biotic resistance was also extremely
effective under low propagule pressure of the invader. More-
over, the presence of a dense resident plant cover appeared
to lower the threshold at which invasion success became
stable even when propagule supply increased. Our study
not only provides an analytical framework to quantify the
effect of multiple interactions relevant to community assem-
bly and species invasion, but it also proposes guidelines for
innovative invasion management strategies based on a sound
understanding of ecological processes.

Keywords Community assembly - Ecological
restoration - Freshwater wetland - Phragmites australis -
Structural equation model

Introduction

Biological invasion can be viewed as a community reas-
sembly process for which the outcome depends on multiple
interacting factors (Byun et al. 2013; Catford et al. 2009;
Sax et al. 2007). In invasion ecology, the need to predict
that outcome has led to the search for general principles
that could guide community conservation, management,
and/or restoration (Heger and Trepl 2003; Kettenring
and Adams 2011). Improving predictions of community
dynamics, however, remains a challenge. Experimental and
analytical frameworks designed to understand and predict
the outcome of invasion must take into account not only
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biotic and abiotic determinants of invasion success indi-
vidually, but also their interactions (Holle and Simberloff
2005; Perelman et al. 2007; Thomsen et al. 2006b). With
multiple species introductions and rapid global changes
likely to affect both resident and invading species (Bellard
et al. 2013), the need to develop comprehensive invasion
models is becoming even more pressing.

Plant invasion is a multi-phase process (introduction,
colonization, naturalization, etc.; Dietz and Edwards 2006),
and the colonization phase determines whether an inva-
sive species will ultimately establish at a site. For sexually
reproducing invaders such as the grass species Phragmites
australis, seeds can facilitate long-distance spread and
rapid colonization of disturbed sites (Belzile et al. 2010),
but seedlings often also represent the most vulnerable stage
of plant development (Weisner and Ekstam 1993). There-
fore, the colonization phase offers a critical window of
opportunity when site or community management can be
most efficient if invasive plant control or community res-
toration are the goals. To achieve these objectives using
approaches based on ecological principles, such as by mod-
ifying abiotic conditions and/or by establishing invasion-
resistant communities, a good understanding of processes
determining the establishment success of invasive species
is required.

When anthropogenic or natural disturbances provide
opportunities for species recruitment into a commu-
nity, species will often compete for the available space
or resources. Biotic interactions may lead to biotic resist-
ance (Levine et al. 2004), where invading species will be
sorted out based on their competitive abilities. The diver-
sity—resistance hypothesis (Elton 1958) predicts that spe-
cies-rich communities will be more resistant to invasion,
and experimental studies generally support this hypoth-
esis (Frankow-Lindberg 2012; Frankow-Lindberg et al.
2009; Hector et al. 2001; Knops et al. 1999; Naeem et al.
2000). Not only species richness, however, but also func-
tional group composition in a community can determine
the likelihood that a particular invader will colonize a site
(Byun et al. 2013; Pokorny et al. 2005). Biotic resistance
can reduce the abundance of some invaders, but may not
eliminate them entirely (Levine et al. 2004) as recipient
communities are rarely saturated with species (Sax et al.
2007; Tilman 1997). It may, however, keep invaders below
the nuisance level, thereby reducing the need for extensive
interventions.

Biotic resistance may be enhanced by abiotic conditions
that filter out intolerant invaders and/or allow the establish-
ment of an invasion-resistant community (Gleason 1926;
Melbourne et al. 2007; Weiher and Keddy 1995). Con-
versely, invaders may be favored by any change in abiotic
conditions that are detrimental to resident species, such as
extreme climatic events (Collinge et al. 2011; Goldstein
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and Suding 2014). Biotic resistance will also be modulated
by propagule pressure (Miller et al. 2013; Thomsen et al.
2006b). Propagule pressure refers to both the number of
individual invaders released and the frequency of releas-
ing events to a single location (Lockwood et al. 2005). It
remains unclear whether an invader derives increasing ben-
efits from increasing propagule pressure or whether satura-
tion occurs in a community at a certain propagule threshold
(Lockwood et al. 2005). There is therefore considerable
interest in relating propagule pressure to invasion success
and, even more importantly, to test whether this relation-
ship varies with the seed density of other plant species
involved in the community reassembly process or with
biotic resistance (Brown and Fridley 2003).

To develop a predictive invasion model, detailed infor-
mation on how all of these abiotic and biotic factors inter-
act under a given set of conditions is required (Herborg
et al. 2007; Leung et al. 2012). Although several studies
have considered interacting factors in the invasion process
(Eschtruth and Battles 2009; Holle and Simberloff 2005;
Miller et al. 2013; Perelman et al. 2007; Thomsen et al.
2006b), the results have been inconsistent, with propagule
pressure overwhelmingly determining invasion success in
some cases (Eschtruth and Battles 2009; Holle and Simber-
loff 2005), while in other cases abiotic constraints/habitats
(Miller et al. 2013; Thomsen et al. 2006b) or biotic factors
predominate (Davies et al. 2011). The relative importance
of these factors also depends on the scale of the investiga-
tion (Perelman et al. 2007). Fortunately, recent advances in
analytical tools, such as structural equation models (Grace
et al. 2010), make it possible to test competing hypotheses
on interactions and causal relationships among multiple
factors in a variety of ecosystems (Whalen et al. 2012).
These advances could help improve our ability to predict
the outcome of complex invasion processes.

The aim of this study was to quantify the interplay
between abiotic constraint, propagule pressure, and biotic
resistance in the critical colonization phase of the invasion
process. Our target invader is P. australis (Cav.) Trin. ex
Steud., a widely spread grass (Poaceae) with at least one
introduced lineage in North America (haplotype M in this
case) (Kettenring et al. 2012; Meyerson et al. 2010; Sal-
tonstall 2002). The introduced P. australis is aggressively
invading wetlands and anthropogenic linear habitats such
as roadside or agricultural ditches (Brisson et al. 2010;
Maheu-Giroux and de Blois 2007; Moody and Mack
1988). We conducted two experiments simulating a situ-
ation in which P. australis seeds land on bare soil along
with other wetland plant species, a common occurrence in
the field following disturbances. For the species—environ-
ment experiment, we expected biotic resistance (measured
as the decrease in invasion success of P. australis) to vary
depending on the identity and diversity of the other resident
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wetland plants involved in the assembly process. We also
tested a series of hypotheses on the ways by which abiotic
conditions (here moist vs. flooded conditions) modulate
biotic resistance. For the propagule experiment, we evalu-
ated the effects of interactions between propagule pressure
of P. australis and seed density of resident wetland plants
in determining biotic resistance.

Materials and methods

We conducted two outdoor pot experiments at the Montreal
Botanical Garden (Quebec, Canada): (1) a species—environ-
ment experiment in 2010 and (2) a propagule experiment in
2011. Fertile clay soil was collected from natural wetlands
for use in both experiments and sterilized with a steam pas-
teurizer at 76 °C for 4 h to kill any viable seeds and pre-
vent unwanted contamination. The pots (diameter 25.4 cm,
height 30.5 cm) were immersed in water using large plastic
containers (six pots per container). In the species—environ-
ment experiment, water was maintained at a constant level
with an automatic water gauge device at either 5 cm below
soil surface in the pot (hereafter referred to as ‘moist con-
ditions’) or 5 cm above soil surface (hereafter referred to
as ‘flooded conditions’). Bricks were used to raise the pots
to the height required for moist conditions [Electronic Sup-
plementary Material (ESM) 1].

Species selection

Anaerobic tolerance should be a good indicator of resist-
ance to flooding, which was the main abiotic constraint
in our experiment. Similar to several other species, the
anaerobic tolerance of P. australis varies according to its
developmental stages, with relatively low tolerance at
seedling stage but increasing tolerance with age (Engloner
2009; Mauchamp et al. 2001). To test biotic resistance in
the experiments we chose five other wetland plant species
commonly found in the area and covering a range of anaer-
obic tolerance levels at maturity (hereafter referred to as
‘resident species’; ESM 2): Typha latifolia L. (Typhaceae),
which has high anaerobic tolerance; Panicum virgatum L.
(Poaceae) and Scirpus cyperinus (L.) Kunth (Cyperaceae),
both with intermediate tolerance; Eutrochium maculatum
(L.) E.E. Lamont (Asteraceae) and Lolium multiflorum
Lam. (Poaceae), which have the lowest anaerobic toler-
ance of all species tested at maturity. This range in anaero-
bic tolerance allowed us to test hypotheses on the interplay
between biotic resistance and abiotic conditions, based
on the assumption that differences in anaerobic tolerance
among species determine in part their response to abiotic
constraints (here their cover in moist vs. flooded condi-
tions) and therefore could modulate their biotic resistance

under different environmental conditions. We used accepted
species name as reported in VASCAN, the Database of Vas-
cular Plants of Canada (Desmet and Brouillet 2013).

Prior to the experiments, seeds of P. australis were
collected from mature colonies of the exotic genotype
thriving in roadside ditches in Dundee, Quebec, Canada
(45°05'50.6"N, 74°24'36.4"W). Seeds of T. latifolia were
collected from a naturally established colony at the Mon-
treal Botanical Garden, and seeds of other resident spe-
cies were purchased from seed suppliers and had been
harvested from an identified ecotype in natural habitats in
North America. We standardized seed viability among spe-
cies by applying pure live seed rates as determined by our
own test (for P. australis and T. latifolia) or from informa-
tion provided by the suppliers for the other species.

Species—environment experiment

In the species—environment experiment, we applied a two-way
factorial design to test both the main and interaction effects of
treatments. For each water level (either moist or flooded), we
planted seeds, varying species composition as follows: Con-
trol (only P. australis), two-species mixtures (each of the five
resident species individually + P. australis), and a six-species
mixture (all five resident species + P. australis) based on an
additive competition design (Connolly et al. 2001). Each treat-
ment was replicated three times in a randomized complete
block design (one replicate per block) for a total of 42 experi-
mental units. Seed density of the resident species was fixed at
140 pure live seeds per pot regardless of the number of resi-
dent species; it was equally distributed among all five resident
species (28 seeds per species) in the case of the six-species
mixture. We used the same sowing density (140 pure live
seeds) for P. australis for a total of 280 pure live seeds per pot.
This corresponds to roughly 4,000 seeds m~2, which is within
the range of seedbanks from natural wetlands (Galatowitsch
and van der Valk 1996). All seeds, including those of P. aus-
tralis, were cold-stratified at 3 °C until sown. This experiment
was run from May to October 2010.

Propagule experiment

In the propagule experiment, we evaluated the interaction
between propagule supply of P. australis and biotic resist-
ance of resident species by varying the seeding density of
both P. australis and the resident species, while water level
and resident species identity were fixed. Increasing prop-
agule pressure from P. australis should increase invasion
success, while increasing resident species cover should
increase biotic resistance and therefore decrease invasion
success. We used a mixture of T. latifolia and L. multiflorum
in equal proportion for the resident species because these
species had shown good resistance to invasion in the first
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experiment. Water level was kept at the intermediate level
(2 cm below soil surface) to minimize abiotic constraint.
The different treatments for the seeding density of P. austra-
lis were 30, 90, 300, or 900 seeds; for the two resident spe-
cies, they were no seed, 90, or 450 seeds. All species were
sown in pots (diameter 15.2 cm, height 12.7 cm) using a
factorial design. Seeding density treatments were replicated
three times for a total of 36 experimental units, and the pots
were allocated in a randomized complete block design. This
experiment was run from May to October 2011.

Data collection

At the end of the growing season for both experiments,
we counted the number of P. australis shoots to quan-
tify invasion success. We also measured cover (%) of the
resident species using the point intercept method with a
40-cell mesh. Plant cover was considered to be an appro-
priate measure to compare species with different life forms
and sizes, and it was used, in this case, to relate the abun-
dance of a resident species to its biotic resistance (i.e., the
effect of resident species on invasion success) in structural
equation models. For the six-species mixture, plant cover
included all resident species.

Data analyses
Two-way analysis of variance (ANOVA) was used to test

the main effect of each treatment as well as their interaction
effect. The generalized linear mixed model with REML for
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the ANOVA test was applied, taking into account random
block effect (Bolker et al. 2009). When significant main
effects were found, we compared means using Tukey’s
HSD multiple comparison test. In all analyses, the assump-
tions of normality of residuals and homoscedasticity were
checked, and response variables were log-transformed
to meet the assumption if necessary. In addition, we used
regression analysis to test the relationship between cover of
resident species and number of P. australis shoots.

In the species—environment experiment, structural equa-
tion models (SEMs; Grace 2006; Grace et al. 2010, 2012)
were used to test further hypotheses about causal relation-
ships, as we found significant correlations among factors in
two-way ANOVA. Structural equation models allow untan-
gling of the direct and indirect effects of water level and
resident species cover on invasion success (see Fig. 1 and
next section for details). To illustrate, flooding can have
an effect on an invader as well as on the cover of resident
species. The former is considered in our models as a direct
effect of flooding on invasion success, whereas the latter, by
reducing or increasing the cover of resident species, can be
considered as an indirect effect on invasion success through
biotic resistance. Different chains of causal relationships,
given different combinations of direct and indirect effects,
correspond to alternative hypotheses on mediation patterns.

We built the models using the sem function in the lavaan
R package with maximum likelihood, then compared good-
ness of model fit using AICc (corrected Akaike information
criterion) and Akaike weight in a model selection approach
(Burnham et al. 2002; Johnson and Omland 2004). We
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calculated AICc and Akaike weights using aictab.lavaan
functions in the lavaan package. In general, a lower AICc
means a better model fit (significant when AAICc > 2).
Akaike weights (w;) can be viewed as the probability that
model I is the best model given a set of competing model
candidates (Johnson and Omland 2004). After choosing the
best model, we estimated standardized value of covariance
on each connection of interests (dotted line in our model
system; Fig. 1). We used JMP© software (SAS Institute,
Cary, NC) for the classical statistical tests (ANOVA and
regression analysis) and for drawing figures. We used R
software (www.r-project.org) to build the structural equa-
tion models and to compare models’ goodness of fit.

Structural equation models with hypotheses

A structural equation model typically involves multiple
equations each representing hypotheses about causal rela-
tionships and mediation patterns in a system.

Let’s assume that a response variable y, is influenced by
another variable x;:

x; — yp ory; = f(x1)

In addition, x; may also affect another response variable
of interest y, directly, or indirectly through y,. In this case,
we will say that the response of y, is determined by both
the direct effect of x; and indirect effect of x; mediated by

Vi
x| — y1 —> y2 0ry2 = f(x1,y1)

Structural equations are expressed in classical sim-
ple linear models to express different pathways of causal
relationships.

yi=o1+yx;+ 81

Y2 =az +yxi + By1 + &2

Our species—environment experiment is more complex,
with the main response variable being invasion success (y,:
number of shoots of P. australis). The mediator variable,
resident plant cover (y,), provides an indication for biotic
resistance (i.e., the effect of resident species on invasion
success). Both can depend on water level [x;; 0 (moist) or
1 (flooded)] and whether or not resident species were sown
[x,: O (no seed/control) or 1 (seeded)]. Equations reflect the
fact that both direct and indirect effects can be significant
(partial mediation), that only direct effects are significant
(no mediation), or that only indirect effects are significant
(complete mediation). We built and tested separate models
for each species mixture type and compared the results for
the different resident species mixtures.

SEM 1 (partial mediation model; Eq. 1)

Hypotheses Phragmites australis invasion success
depends on abiotic constraints (water level) both on the
invader and on resident species. Hence biotic resistance
depends on abiotic conditions and may vary with resident
species’ response to water level (presumably related to their
anaerobic tolerance).

Y=o+ yax1 + y3xp + 81
(1
y2=a2+yix1 + Biy1 + &

where y, = resident plant cover (%); y, = number of
shoots of P. australis (invasion success); x; = water lev-
els (moist or flooded); x, = seed treatments (no seed or
seeded); y;, = correlation coefficient between water
level (x;) and invasion success (y,) as an indicator for
direct flooding effect on invasion; y, = correlation coef-
ficient between water levels (x,) and resident plant cover
() as an indicator for flooding effect on resident plants;
y; = correlation coefficient between seed treatments (x,)
and resident plant cover (y,;); B; = correlation coefficient
between resident plant cover (y,) and invasion success (y,)
as an indicator for biotic resistance; ¢ (zetas) are residuals
(see also Fig. 1).

SEM 2 (no mediation model; Eq. 2)

Hypotheses Phragmites australis invasion success
depends on abiotic constraints (water level) on the invader
and on biotic resistance from the resident species. The per-
formance of the latter, however, does not depend on abiotic
conditions (in SEM Eq. 1, either y, = 0 or 8; = 0).

yi=0a1+yx2+8

)
v=a+yx1+ iy + &
SEM 3 (complete mediation model; Eq. 3)
Hypotheses Phragmites australis invasion success

depends only on biotic resistance to invasion as determined
by abiotic constraints. There is no direct effect of water
level on the invader (in SEM Eq. 1, y; =0)

yi=or+pyxr+y3x+ 4

3
2 =az+ Biy1 + &2
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Fig. 2 Effect of biotic resistance from resident species on P. australis
invasion success at two water levels. Con Control (no resident species
added), Mix mixture [all five resident species added (Euma Eutro-
chium maculatum, Sccy Scirpus cyperinus, Pavi Panicum virgatum,
Tyla Typha latifolia, Lomu Lolium multiflorum). Species treatments
with the same uppercase letter do not significantly differ from each
other (Tukey’s HSD test, P > 0.05). Combinations of water level/spe-
cies treatments with the same lowercase letter do not significantly
differ from each other (Tukey’s HSD test, P > 0.05). Asterisks indi-
cate significant differences between water levels within each species
treatment (contrast test, P < 0.05)

Results
Species—environment experiment

Abiotic constraints and biotic resistance interactively deter-
mined P. australis invasion success (Fig. 2). Both water
level and resident species treatments were significant
(two-way ANOVA test on log-transformed y: main effect
of water level F 132 = 21.94, P < 0.001; resident species
treatments Fg 3, = 14.96, P < 0.001). P. australis invaded
less in flooded [average number of P. australis shoots
per pot (y) = 121] than in moist conditions (y = 176). P.
australis invasion was lowest with the six-species mix-
ture (y = 50), followed by the two-species mixtures of
L. mutiflorum (y = 75), T. latifolia (y = 124), P. virga-
tum (y = 155), S. cyperinus (y = 185), and E. maculatum
(¥ = 204) in that order. There was a significant interaction
effect between water level and resident species treatments
and P. australis invasion (log-transformed y; F¢ 5, = 4.22,
P = 0.003). While L. multiflorum resisted P. australis inva-
sion much better in moist than flooded conditions, 7. lati-
folia resisted the invasion better in flooded than in moist
conditions. P. australis invasion success decreased as resi-
dent species cover increased in a linear relationship both
in moist (F},, = 52.62, P < 0.001; Eq. 4) and in flooded
(Fy 5, = 31.30, P <0.001; Eq. 5) conditions (ESM 3).
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y2 =251.9-2.54 - y; )

y2 = 156.0—1.55 - y; 3)

where y, stands for resident species cover (%) and y, stands
for number of P. australis shoots per pot.” P. australis inva-
sion success was negatively correlated with resident spe-
cies cover in moist conditions (Pearson correlation coeffi-
cient r = —0.83) and in flooded conditions (r = —0.76). In
a further ANOVA test, both water level and species com-
position significantly affected resident species cover (log-
transformed y; main effect of water level F);, = 28.63,
P < 0.001; species Fg3, = 155.7, P < 0.001) with sig-
nificant interactions (log-transformed y; F¢;, = 33.58,
P < 0.001). Resident species with low anaerobic tolerance,
such as L. multiflorum and E. maculatum, were more abun-
dant in moist than in flooded conditions, while 7. latifo-
lia, with high anaerobic tolerance, was more abundant in
flooded than in moist conditions. The abundance of P. vir-
gatum and, interestingly, of resident species growing in the
six-species mixture did not vary significantly with water
level.

The SEM results for the different species mixtures
are compared in Table 1. For most two-species mix-
tures, the partial mediation model (SEM 1; having both
a direct effect of abiotic constraints on invasion suc-
cess and an indirect effect via resident species cover)
was the best model (with lowest AICc). In the cases of
the two-species mixture with P. virgatum and the six-
species mixture, the null mediation model (SEM 2; only
direct effect on P. australis, no mediation) had the lowest
AlCc, but its goodness of fit was not significantly better
than that of SEM 1 (AAICc < 2). While the direct effect
of flooding on P. australis invasion was significantly and
consistently negative, flooding had different effects on
biotic resistance depending on the resident species in
the two-species mixtures (Fig. 3). For example, while
biotic resistance from L. multiflorum reduced P. austra-
lis invasion success (8 = —0.85), flooding also reduced
L. multifiorum cover (y, = —0.19). The indirect flooding
effect on invasion, mediated by its effect on L. multiflo-
rum cover, was estimated to be 0.16 (= —0.19 x —0.85).
Therefore, flooding prevented biotic resistance from L.
multiflorum. In contrast, flooding increased T. latifolia’s
abundance (y, = 0.32), while biotic resistance from 7. lat-
ifolia reduced invasion (8 = —0.48). The indirect flood-
ing effect on invasion, mediated by its effect on T. lati-
folia cover, was estimated to be —0.15 (=0.32 x —0.48).
Therefore, flooding enhanced T. latifolia’s biotic resist-
ance. For P. virgatum and the six-species mixture, flood-
ing effect (y, = —0.02 and —0.03, respectively) on their
abundance was marginal; their biotic resistance was not
significantly influenced by water level in this study. For
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Table 1 Selection of the best structural equation models (SEM 1-3) for the species—environment experiment

Models K Lolium Typha Panicum Scirpus Eutrochium Mixture
SEM 1 372, 0.83* 439, 0.82* 371, 0.16 410, 0.84* 415, 0.84* 430, 0.20
SEM 2 375,0.17 442,0.18 369, 0.84* 414,0.16 418, 0.16 428, 0.75*
SEM 3 386, 0.00 451, 0.00 382, 0.00 424, 0.00 426, 0.00 433, 0.05

The models test hypotheses on the direct and indirect effects of flooding on invasion success of Phragmites australis given the resident spe-
cies present. The mixture refers to all five resident species. SEM 1: partial mediation—both direct flooding effect and indirect flooding effects
through resident species. SEM 2: null mediation—direct effect only. SEM 3: complete mediation—indirect effect only. Asterisks indicate best
model for a given species treatment with corrected Akaike information criterion (AICc) and Akaike weight shown (in that order). Models in bold
are not significantly different from the best model for that treatment (A AICc < 2)

# k = number of model parameters

Fig. 3 Structural equation model results (SEM 1: partial mediation;
see Table 1 for details) for Lolium multiflorum (a), Typha latifolia (b),
Panicum virgatum (c), Scirpus cyperinus (d), Eutrochium maculatum
(e) and mixture of all species (f). Numbers Standardized parameter

E. maculatum and S. cyperinus, flooding reduced their
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abundance (y, = —0.41 and —0.38), as for L. multiflo-

rum, but their biotic resistance was marginal or ineffective
(B = —0.15 and —0.10). In these cases, P. australis inva-
sion success was controlled mostly by the direct flood-
ing effect on P. australis—i.e., neither by mediation nor
biotic resistance. All resident species mixtures could thus
be arranged along gradients of response to flooding and

biotic resistance (ESM 4).

-.66
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values for the relationship of covariance, with the sign indicating a
positive (+) or negative (—) effect. Solid lines Significant effect (¢
test, P < 0.05), bar width magnitude of effect, dashed lines non-sig-
nificant effect (P > 0.05)

Both the propagule supply of P. australis and seeding den-
sity of resident species had significant effects on invasion
success (Fig. 4; two-way ANOVA test: propagule pressure
F3, = 14.03, P < 0.001; seeding density of resident spe-
cies F,,, = 38.21, P < 0.001). P. australis invasion suc-
cess increased with propagule supply, but decreased with

seeding rate of resident plants. In addition, there were
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Fig. 4 Effect of propagule 807 Resident species (No. seeds added)
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significant interactions between propagule supply and seed-
ing density of resident plants (Fg ,, = 7.46, P < 0.001). The
effect of seeding density of resident plants on the relation-
ship between propagule supply and invasion success sug-
gests that there are clear benefits in investing in a dense
cover of resident species, especially under low propagule
pressure (ESM 5a, b). Biotic resistance stopped invasion
when propagule supply was the lowest (30 seeds pot—!) and
reduced invasion even under high propagule pressure when
a resident plant cover was present compared to no cover.
Conversely, invasion success increased with propagule
pressure most rapidly—and to its highest level—when
there was no cover.

Discussion

Our study examined how biotic resistance, abiotic con-
straint, and propagule pressure interactively regulate P. aus-
tralis invasion and identified synergetic or antagonistic pro-
cesses relevant to community assembly and management.
We found that biotic resistance varied with the identity and
diversity of wetland plant species in the community and was
also modulated by abiotic conditions, in relation to resident
species traits or propagule pressure. Structural equation
models support a partial mediation hypothesis in which P,
australis invasion success depends on abiotic constraints
(water level) both on the invader and on resident species.

@ Springer
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The strength of biotic resistance to invasion is deter-
mined by various components of a community, including
the identity of the dominant species (Emery and Gross
2007; Sheley and James 2010), species diversity (Fargione
and Tilman 2005; van Ruijven et al. 2003), functional
group identity (Byun et al. 2013; Fargione et al. 2003), and
functional diversity (Pokorny et al. 2005). Direct indica-
tors of biotic resistance are also provided by resident spe-
cies’ performance traits or community-wide fitness, such
as plant size (Schamp and Aarssen 2010), plant cover (this
study; Gerhardt and Collinge 2003), height (Gaudet and
Keddy 1988), or biomass (Gaudet and Keddy 1988; Lulow
2006; Rinella et al. 2007). Interestingly, total plant cover
of the six-species mixture was relatively stable in both the
flooded and moist conditions. In this mixture, niche parti-
tioning (or complementarity) among species each of which
adapted to certain conditions or with different traits con-
tributed to maintaining community-wide abundance even
when conditions changed. Such community-wide stabil-
ity could secure invasion resistance, evoking the insurance
hypothesis (Byun et al. 2013; Ives et al. 2000; Loreau et al.
2001; Tilman et al. 2006).

Biotic resistance was partially modulated by flooding.
Abiotic constraints and biotic resistance have been shown
to determine invasibility when conditions vary in terms of
water depth (Collinge et al. 2011; Gerhardt and Collinge
2003), sediment salinity (Dethier and Hacker 2005), or
soil nutrients (Goldstein and Suding 2014). We provide
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additional quantitative evidence that biotic resistance and
abiotic constraints work synergistically (or antagonisti-
cally) to control invasion depending on species traits in the
species pool. In stressful or harsh environments, abiotic
constraints alone can determine the fate of invaders (Chytry
et al. 2008; Dethier and Hacker 2005; Wang et al. 2006),
as shown by the lower abundance of P. australis in flooded
conditions compared to moist conditions in this study. Abi-
otic stress, however, can also determine the abundance of
resident wetland plants and, therefore, indirectly modulate
their potential to offer biotic resistance. Most resident spe-
cies were less abundant when flooded, except for T. latifo-
lia. The outcome of strong abiotic filtering has been shown
to result in trait underdispersion and phylogenetic clus-
tering during community reassembly (Adler et al. 2013;
Proches et al. 2008). The direct benefit of biotic resistance
on invasion is expected to be more significant in benign or
intermediate conditions that favor a broad range of species
(Gerhardt and Collinge 2003; Naeem et al. 2000; Perelman
et al. 2007; Thomsen et al. 2006a, b), namely, the moist
conditions in our case. In these conditions, species can
express their differential potential for invasion resistance
depending on species traits and can therefore be ranked
from most to least resistant to invasion accordingly.

The ability to predict the outcome of the interplay
between abiotic constraints and biotic resistance on bio-
logical invasion in any given set of conditions rests on a
good knowledge of the functional ecology of the species.
Our experiments illustrate the important role of fitness-
related traits (how well a species adapts to given abiotic
constraints) in determining the ability of a species to resist
invasion. Sharing information about species through data-
bases of functional traits, such as TRY (Kattge et al. 2011),
should facilitate the rigorous testing of specific predictions
about community responses to invasion (Heger and Trepl
2003).

The invasion success of P. australis increased with prop-
agule pressure, but there may be a threshold, or at least a
saturation tendency, beyond which additional P. australis
seeds will not necessarily increase invasion proportion-
ally. Interestingly, our results suggest that biotic resistance
from a resident plant cover could lower that threshold, with
potential benefits in terms of community dynamics and
control. The decision to invest or not in the restoration of
a competitive cover may depend on how these benefits are
perceived. For example, reducing invasion success early in
community assembly may have long-term benefits in terms
of the frequency and cost of control interventions if invader
populations stabilize at manageable levels. Dense com-
munities typically offer fewer opportunities for invaders
to establish than sparse or disturbed ones (Lindig-Cisneros
and Zedler 2002). Density could therefore be just as impor-
tant as the species richness of the resident community in

determining invasibility, particularly in the early establish-
ment phase (Brown and Fridley 2003; Meiman et al. 2009;
Reinhardt Adams and Galatowitsch 2008). Under the high-
est propagule pressure, biotic resistance offered by a dense
cover of resident plants (450 seeds pot™!) reduced invasion
by 93 % on average compared to the control. Lindig-Cis-
neros and Zedler (2002) reported that a dense plant cover
consisting of six species in the canopy cover and one spe-
cies in the matrix cover reduced invasion of Phalaris arun-
dinacea (reed canary grass) by 98.1 %, compared to 77 %
under sparse cover. Other studies have found a significant
interaction between abiotic constraint and propagule pres-
sure, suggesting that alleviating abiotic constraint/stress
promotes seed establishment under a given level of prop-
agule pressure (Adler et al. 2013; Thomsen et al. 2006b).
Overall, in our study, biotic resistance reduced invasion
success significantly and effectively; biotic resistance
alone, however, does not guarantee complete suppression
of recruitment. Under high propagule pressure, raising the
water level may further prevent invasion, as shown in our
study, providing that some of the resident species in the
mixture can tolerate the changes in abiotic conditions—
hence the importance of species diversity.

Introduced P. australis is considered to be an invasive
species in many wetland ecosystems in North America, and
efforts to eradicate it are ongoing, often at high costs and
with repeated interventions. Very few experimental studies
so far have rigorously evaluated the role of resident plant
communities in preventing or delaying reinvasion when
control measures have been taken or when a wetland is dis-
turbed. In these cases, our study shows that the outcome of
community reassembly and invasion success will depend
on the interactions between wetland plant identity/diversity,
abiotic conditions, and propagule pressure. The ability of a
species to provide biotic resistance will vary with abiotic
conditions and, therefore, mixtures of species are more
likely to provide more reliable resistance services in fluc-
tuating environmental conditions—a common situation in
wetlands—than monocultures. The positive effect of prop-
agule pressure on invasion success may be offset by dense
communities of invasion-resistant species that occupy
available niches. Although complete eradication through
biotic resistance is unlikely, avoiding or delaying the estab-
lishment of a dense P. australis cover could be beneficial.
Finally, while species selection depends on the ecosystem
under consideration, we believe that the principles outlined
in this study are sufficiently robust to provide insights on
community assembly and invasion process in any system.
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