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Abstract Most terrestrial plants establish symbiotic

associations with microorganisms that enable them to

overcome abiotic or biotic filters in ecosystems. Here

we investigated how aerial mutualisms involving

invasive species may affect the recipient community’s

structure. We hypothesized that the endophyte Epi-

chloë occultans enhances the ability of Lolium mul-

tiflorum to establish and colonize, but that success

would depend on the structure and invasion resistance

of the recipient grassland community. Seeds of L.

multiflorum with high (E?) and low (E-) endophyte

incidence were sown in plots located in grasslands

with or without recent grazing history. Relative cover

of L. multiflorum and floristic groups was determined

during the growing season. Whereas we did not detect

any endophyte effect in sites with grazing history, L.

multiflorum cover was 63 % in E? and 27 % in E-

plots in sites without grazing history. As cover of L.

multiflorum increased in these sites, the cover of

warm- and cool-season grasses decreased in spring,

with that of warm-season grasses continuing to

decrease in summer. These decreases corresponded

to 1.9, 3.7 and 1.6 %, for every % increase of L.

multiflorum cover. Path analysis and posterior mod-

elling predicted a greater impact of the endophyte on

L. multiflorum cover than of seed addition when

resident L. multiflorum cover was B20 %. This effect

decreased asymptotically as L. multiflorum cover

increased beyond 20 %. Our results suggest that the

endophyte may boost the invasion ability of L.

multiflorum particularly in natural grassland without

grazing history with potential longer-term conse-

quences for community structure and dynamics.

Keywords Lolium multiflorum � Epichloë

occultans � Grass-endophyte symbiosis � Grassland
functional groups

Introduction

Symbiotic associations with microorganisms enable

plants to overcome some abiotic or biotic filters in

ecosystems (Allen et al. 1989; Richardson et al. 2000;

Suding et al. 2013). Thus, symbiotic microorganisms
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such as ectomycorrhizal or arbuscular mycorrhizal

fungi which associate with a diverse array of plant

species, may contribute critically to the invasion

(Vellinga et al. 2009; Bunn et al. 2015). For instance,

establishment of alien seedlings may be facilitated if

these plants become rapidly colonised by the existing

mycorrhizal fungal network of the recipient vegetation

overcoming any particular competitive advantage of

native species (Allen and Allen 1986; Marler et al.

1999; Mooney and Hobbs 2000; Klironomos 2002;

Callaway et al. 2004). While the role of generalist soil

symbiotic microorganisms has been widely studied

(Richardson et al. 2000; Pringle et al. 2009 and

references cited therein), the role of specific aerial

endophytes in affecting invasions has been less

frequently addressed (see, Rudgers et al. 2005; Uchitel

et al. 2011; Saikkonen et al. 2013). Also, little is

known about how this particular symbiosis—which

arrives together with the introduced species—may

affect the native species (van der Heijden et al. 1998;

Callaway et al. 2008).

Recent evidence suggests that seed-born fungal

endophytes of the genus Epichloë (Clavicipitaceae

Schardl et al. 2004) may assist the worldwide expan-

sion of certain host grasses (Clay and Holah 1999;

Rudgers et al. 2004; Rudgers and Clay 2007; Rudgers

and Orr 2009; Rudgers et al. 2010; Saikkonen et al.

2013). These obligate symbionts grow systemically

throughout shoot tissues, including leaves, of many

cool-season grasses and are vertically transmitted

through seeds (Clay and Schardl 2002; Cheplick and

Faeth 2009). Asexual Epichloë endophytes confer a

suite of phenotypic traits that enhance the performance

of host plants under stressful conditions while they

obtain resources and suitable conditions for multipli-

cation and dispersion (Malinowski and Belesky 2000;

Clay and Schardl 2002; Cheplick and Faeth 2009).

Host plants may benefit from fungal bioactive com-

pounds which protect them from herbivores and,

hence, increase their fitness (Clay 1988; Clay and

Schardl 2002). Previous studies evaluating endophyte

effects on both the hosts’ ability to invade and to

overcome the recipient communities’ resistance to

invasion, have focused on two widely distributed

agronomic perennial grasses: Schedonorus arundi-

naceus (tall fescue; formerly Festuca arundinacea,

Lolium arundinaceum; Catalán et al. 2007) and

Festuca pratensis (meadow fescue; Rudgers et al.

2004; Saikkonen et al. 2013). Established plots of

these grasses with high endophyte incidence have

been more resistant to invasion (Clay and Holah 1999;

Saikkonen et al. 2013) and at the same time, host

plants have shown greater ability to invade experi-

mentally assembled plant communities (Rudgers et al.

2005) suggesting that the endophyte may play an

important role in community dynamics. However, the

role of the endophyte in the initial stages of the

invasion process and its impact on recipient commu-

nities under natural conditions has remained virtually

unexplored.

Lolium multiflorum (Italian ryegrass) is a cool-season

grass native to the European Mediterranean region and

currently distributed worldwide [GBIF, http://www.

gbif.org/species/4129708 (accessed February 2016)].

This species has an annual growth cycle in Mediter-

ranean and cool-temperate humid climates. In temperate

zones of South America, it was probably introduced

accidentally as a weedy contaminant of wheat seed lots

and subsequently disseminated with agriculture and

cattle husbandry during the late seventeenth century

(Parodi 1930). Current farming practices such as the use

of L. multiflorum as annual winter forage likely boost its

regional expansion throughout the Pampean region in

Argentina (Rodrı́guez et al. 1998; Perelman et al. 2007;

Tognetti et al. 2010). A survey carried out in the

Flooding Pampa grasslands showed that naturalized

populations of L. multiflorum have high ([90 %) inci-

dence of endophyte E. occultans regardless of grazing

history (Gundel et al. 2009b). Interestingly, Epichloë

endophytes have not been documented in native grasses

in this region (Iannone et al. 2011; 2012). Therefore, the

European species L. multiflorum and S. arundinaceus

are the only host grasses in the current flora that asso-

ciatewith foliar fungal endophytes (Gundel et al. 2009b;

Iannone et al. 2011). While the S. arundinaceus-endo-

phyte symbiosis with E. coenophialum (Leuchtmann

et al. 2014) is highly toxic to livestock, the L. multiflo-

rum-endophyte symbiosiswithE. occultans seems to be

harmless (De Battista 2005). Considering that E.

occultans is an effective deterrent of insects and

improves seedling recruitment and plant growth

(Omacini et al. 2001; Uchitel et al. 2011; Gundel et al.

2012), this endophyte might also affect the invasion

process of L. multiflorum in the Flooding Pampa

grasslands.

In this paper, we investigate the effect of the fungal

endophyte E. occultans on the invasion capacity of L.

multiflorum in natural grasslands with different
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grazing histories in the Flooding Pampa (Argentina).

In a field experiment, we simulated the arrival of L.

multiflorum seeds with contrasting incidence of E.

occultans to determine if the grass-endophyte sym-

biosis promotes the establishment of this annual grass

and, if so, what changes of plant communities it would

induce in communities shaped by their grazing history.

Materials and methods

Study system

The study was conducted in a Flooding Pampa

grassland dominated by humid mesophytic meadows,

exclusively used for extensive beef cattle breeding

during the last century (Pila, Buenos Aires province,

Argentina, 36�300S, 58�300W; Perelman et al. 2001).

The average carrying capacity of that grassland ranges

between 0.6 and 0.8 animal units ha-1 yr-1 (Vecchio

et al. 2008; Cid et al. 2011). Mean temperatures range

from 8.2 �C in July to 21.4 �C in January. Mean

annual rainfall is approximately 900 mm, relatively

uniformly distributed throughout the year but with

small peaks in autumn and spring. Soils are Typic

Natraquolls [i.e. acidic, non-saline A horizon and

saline, highly alkaline Bn horizon (Berasategui and

Barberis 1992)]. Cattle grazing shaped communities

and determined differences in their soil properties

(Table S1, Fig. S1) (see, Lavado and Taboada 1987;

Taboada and Lavado 1993; Chaneton and Lavado

1996), the relative cover of floristic groups (Table S2

and Fig. S2–S4) and the phylogenetic patterns

(Fig. S7–S8). Accordingly, previous studies in the

same grassland have described changes in productivity

and spatially distinct floristic gradients, involving the

replacement of native perennial grasses by annual and

perennial exotic species, caused by grazing (Sala et al.

1986; Chaneton et al. 1988; Oesterheld and Sala 1990;

Jacobo et al. 2006; Semmartin et al. 2007). Indeed,

removal of cattle by long term exclosure led to

increased biomass production by native grasses, and

decreased the cover and richness of exotics through

gap-colonization dynamics in this grassland (Perel-

man et al. 2001; Chaneton et al. 2002; Longo et al.

2013).

We established a total of 19 experimental sites in

early autumn of 2009 (mid-March). All sites were 2 m

wide and 2 m long and were surrounded by a fence

that protected them from grazing during the experi-

ment. Sites were randomly distributed in a grassland

with (n = 12) or without recent (n = 7) grazing

history in a total area covering *200 ha (Fig. 1).

Sites without recent grazing history (without grazing,

hereinafter) were placed inside large fenced exclo-

sures of 1000 m2 that had been installed five years

before the experiment began (2004) to prevent live-

stock grazing (Longo et al. 2013). Distances between

sites ranged from 160 to 1160 m in sites with grazing

history, and from 80 to 260 m in sites without grazing

history. Our design assumed that sites were indepen-

dent from each other and, actually, a posteriori spatial

error distribution supported site independence

(Fig. S5–S6).

Plant material

Lolium multiflorum seed with high endophyte inci-

dence ([90 %, determined by microscopic examina-

tion of 50 stained seeds) had been previously collected

from a post-agricultural grassland without grazing

(Inland Pampa, 35�55�S, 61�09�W. See, Gundel et al.

2009a; Omacini et al. 2009). Half of the seeds were

treated with the fungicide Triadimenol (5 mg g-1

seed) to obtain seed with low endophyte incidence

level. Fungicide-treated and un-treated seeds were

propagated in 1 m2 plots under common environmen-

tal conditions at the experimental facilities of Univer-

sity of Buenos Aires (34�350S, 58�350W). Plants were

allowed to cross-pollinate freely, which contributed to

homogenization of the plant genetic background. Seed

produced by these plants was harvested in late spring

(December 2008). Endophyte incidence level was

3 ± 3 % and 93 ± 25 % (mean ± standard error) in

fungicide-treated and un-treated seed pools, respec-

tively. Germination tests according to ISTA rules were

carried out under laboratory conditions (15/25 �C, 8 h

light, 5 days). Germination rates were[95 % and did

not differ between seed pools with high or low

endophyte incidence (p = 0.178).

Experimental design and measurements

The experiment started in April 2009, when seeds

were added, and was terminated in February 2010

(Fig. 1). Before sowing, we characterized plant com-

munity composition and soil properties in both sites

(Table S1) and mowed aboveground biomass near
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ground level (mid-March). This disturbance was

considered ecologically relevant, as it mimicked the

effect of a strong overgrazing or low cutting height,

factors that are known to facilitate invasion e.g. by

promotion of germination and establishment of annu-

als (Rodrı́guez et al. 1998; Kulmatiski 2006). From

end of March to mid-April 2009, L. multiflorum

seedlings emerging from the soil seed bank were

identified and carefully removed in order to reduce

their natural cover. Then, within each site, we

randomly placed three plots (0.6 9 0.9 m each), one

each for sowing seed of L. multiflorum with high

(93 %) or low (3 %) endophyte incidence, and one

control. Sowings occurred on two occasions. At the

end of April 2009, we added 3 g of seed per

corresponding plot. Due to poor seedling emergence

on both plots, we added another 5 g of seeds per

corresponding plot in mid-June. These sowings cor-

responded to a total of approx. 13,000 viable seeds

m-2. Importantly, control plots (without seed addi-

tion) served to quantify resident L. multiflorum plants

(that is L. multiflorum which germinated from the

natural soil seed bank).

To evaluate the response of resident species to L.

multiflorum seed addition, we measured basal aerial

cover using line interception methods (Canfield 1941)

during spring when L. multiflorum plants had started to

flower (end-November, 2009) and during summer at

the end of the growing cycle (end-February, 2010).

Basal cover was used as the variable characterizing the

performance of each species in the community. We

avoided destructive measures like biomass removal, as

we wanted to keep the system undisturbed following

seed additions. Basal cover of each species was

measured along permanent 60 cm-long transects

placed in each plot. Basal cover records distinguished

between three different functional groups: cool-season

grasses other than L. multiflorum, warm-season

grasses, and forbs. Values were expressed as relative

cover to allow comparisons among plots. The inci-

dence level of the endophyte in each plot was re-

evaluated in seeds produced by established L.

Winter remmuSgnirpSnmutuA

E+ E- C

Cattle grazing  
~200 ha grassland  

Without grazing history. 
Cattle exclosures  
5 years before the 

experiment 

Fenced sites. 
Experiment 

begins 

Removal of  
L. multiflorum 
seedlings from 

natural seed bank 

Plots nested in sites. 
L. multiflorum  seeds addition treatments 

Functional group cover 
within plots 

Endophyte incidence 

L. multiflorum life cycle 

Fig. 1 Timeline showing the experimental setting in Pampean

grassland. A total of 19 sites (2 m 9 2 m) were fenced on sites

with (n = 12; dominated by exotic species) or without (n = 7;

dominated by native species) grazing history to protect them

from cattle grazing at the beginning of the experiment (dark

grey rectangles). Seven cattle-free exclosures of 1000 m2

(termed ‘sites without grazing history’) were set up 5 years

before the experiment began. Following fencing and mowing at

near surface-level, L. multiflorum seedlings emerging from the

soil seed bank were removed twice. Thereafter, seed addition

treatments (E?, E- and control) were randomly assigned to one

of three plots placed within each fenced site. During spring and

summer, 7 and 10 months following seed addition, basal cover

of functional groups (warm-season grasses, other than L.

multiflorum cool-season grasses and forbs) was assessed in all

plots. At these times reproductive tillers of L. multiflorum had

started to flower and terminated their life cycle, respectively.

The bottom black line shows the typical life cycle of L.

multiflorum from autumn to spring. In late spring endophyte

incidence was determined in seeds produced by L. multiflorum

plants in each plot
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multiflorum plants in late spring (mid-December,

2009). Thirty seeds were collected from each plot,

stained and examined under the microscope.

Statistical analyses

We used generalized linear mixed-effects models

which account for plots nested in sites and specified

the binomial family (link-‘‘logit’’) (glmer function in

lme4, Bates et al. 2014; Bolker et al. 2009). Models

for endophyte incidence level and for L. multiflorum

relative cover included grazing history (sites with and

without recent cattle), seed addition (C: control, E-

and E? plots) and the interaction between both factors

as predictors. The relative cover of L. multiflorum in

spring represented its performance and estimated its

colonization ability and invasion success as a function

of endophyte status. Models to analyse relative cover

of cool-season grasses other than L. multiflorum,

warm-season grasses, and forbs included grazing

history, seed addition, L. multiflorum cover and their

double interactions as predictors. Given that L.

multiflorum was manipulated experimentally, its

cover was not included in relative cover analyses of

cool-season grasses. The relative cover of the floristic

groups in spring and summer were analysed individ-

ually due to changes in floristic composition between

seasons. As an alternative, we replaced seed addition

by endophyte incidence level in L. multiflorum as

model predictor. This produced equivalent results. We

diagnosed multicollinearity by means of the variance

inflation factor (VIF; vif.mer function in R) and

excluded terms with VIF values above 10. The model

dispersion parameter (phi) was calculated according

to the overdisp_fun (Uesugi and Kessler 2016) in

order to evaluate model adequacy. Residual distribu-

tion was plotted with the binnedplot function (arm;

Gelman and Su 2015) which generates a binned

residual plot. Spatial correlation was evaluated by

plotting the residuals semi-variograms.

We reduced the model estimated by maximum

likelihood (ML) by removing non-significant terms in

a stepwise fashion (single term deletion strategy), and

selected the optimal models following Zuur et al.

(2009). When overdispersion was detected, standard

errors were adjusted by the squared root of the

overdispersion (Gelman and Hill 2007) and corre-

sponding adjusted statistics and p values were calcu-

lated. When interaction were detected, multiple

comparisons tests were performed using the glht

function (multcomp package; Hothorn et al. 2008) and

p values were adjusted by the Benjamini and Yekutieli

(2001) method. For logistic regression optimal mod-

els, the odds ratio was used to interpret the actual

effects of estimated parameters on relative cover (i.e.:

the proportion) of floristic groups (Rabe-Hesketh and

Skrondal 2012). For each treatment, the odds ratio was

obtained as the exponential of the sum of the

parameters involved. Then, we calculated the percent

change in the proportion (relative cover) by subtract-

ing 1 from the odds ratio and multiplying by 100. For

each model, estimated parameters, parameters back-

transformed to the corresponding percentage, the

statistics and p values for model selection procedure

as well as multiple comparisons performed are

presented in Supplementary material tables S3 to

S10. There, we also show the AIC and the AIC

difference with respect to the null model.

Finally, we used the path analysis technique to

evaluate direct and indirect effects of seed addition on

floristic groups as mediated by L. multiflorum cover.

Three path analyses were performed for sites without

grazing history (see Results) and each included two

models: a model of L. multiflorum cover combined

with warm-season grasses in spring and summer, and

a model of cool-season grasses in spring. We used a

general approach to path analysis, based on multiple

univariate models as proposed by Shipley (2009; see

also Clough 2012; Shipley 2013), to allow the

incorporation of generalized linear models and mixed

models. The sem.fit function (piecewiseSEM; Lef-

check 2015) was used to specify and test for the

adequacy of the models included in the path analysis.

The models involved in each path analysis repre-

sented the chain of effects from seed addition to

relative covers of floristic groups. Specifically, this

displayed the seed addition effect (i.e. that is the

realized invasion) along a gradient from 5 to 85 % of

L. multiflorum cover in the recipient community.

Such a range of cover of L. multiflorum is common in

the studied grassland (Perelman et al. 2001; Sem-

martin et al. 2010). We used this gradient to address

the effect of high and low endophyte incidence in L.

multiflorum seed additions along potential natural

scenarios. All analyses were performed with the

R-cran environment; version 3.2.3 (R Development

Core Team 2007) and RStudio; version 0.99.489

(RStudio Team 2015).
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Results

The experimental manipulation was successful in creat-

ing plots that differed significantly in endophyte inci-

dence of L. multiflorum plants (p\0.001; Table S3).

Incidence levels were: 92 ± 3 % in E? (mean ± stan-

dard error), 49 ± 7 % in E- and 72 ± 9 % in Control

plots. Thus, the endophyte effect was represented by

about a 40 % difference between the incidence in E?

and E- plots.

Both E? and E- seed addition increased the

relative cover of L. multiflorum in comparison with the

control (Fig. 2). Remarkably, addition of E? seeds

caused a much greater enhancement of L. multiflorum

relative cover than that of E- seeds in sites without

grazing history, but not in sites with grazing history, as

was indicated by a significant grazing history x seed

addition interaction (without grazing history x E?:

Z = 4.99, p\ 0.001). In sites without grazing history,

the estimated odds ratio of the relative cover of L.

multiflorum was 22 and 4 times greater in E? and E-

plots than in control plots, respectively. These differ-

ences were also evident in the relative cover of L.

multiflorum that was more than double in E? relative

to E- plots (i.e.: 63 vs. 27 %, respectively) in these

sites.

The relative cover of warm-season grasses was

independent of grazing history and seed addition (E?

and E-). However, this functional group was affected

by the relative cover of L. multiflorum in both spring

and summer. Thus, the model indicated that the cover

of warm-season grasses decreased as the cover of L.

multiflorum increased in both seasons (spring:

Zadj = -3.70, p\ 0.001; summer; Zadj = -2.27,

p = 0.023; Fig. 3a, b). These effects were associated

with a decrease of the cover of warm-season grasses of

1.9 and 1.6 % for each percent increase in the relative

cover of L. multiflorum in spring and summer,

respectively. Again, these effects were independent

of grazing history and seed addition, and resulted from

transformation of the odds ratio for warm-season

grasses cover in spring (0.980) and summer (0.984),

respectively.

Similar to the warm-season grasses, addition of E?

and E- seeds did not influence the relative cover of

cool-season grasses (other than L. multiflorum) either

in spring or summer. But, results were different in each

season. The cover of cool-season grasses decreased as

the cover of L. multiflorum increased in spring. This

effect tended to be stronger in sites without grazing

history than in sites with grazing history, as was

indicated by a marginal interaction between grazing

history and L. multiflorum cover (Zadj = -1.86,

p = 0.062; Fig. 3c). According to this interaction,

the cover of cool-season grasses decreased by 0.66 %

in sites with, and by 3.75 % in sites without grazing

history for each percent increase in L. multiflorum

cover. Again, these effects were independent of seed

addition and resulted from the transformation of the

odds ratio of cool-season grasses cover with (0.99) or

without (0.96) grazing history, respectively. On the

other hand, the cover of cool-season grasses (other

than L. multiflorum) did not depend on grazing history,

seed addition or the cover of L. multiflorum in summer

(Fig. 3 d). Likewise, these predictor variables had not

a significant effect on the cover of forbs in spring and

summer (Fig. 3e, f).

For sites without grazing history, three path anal-

yses—for cover of warm-season grasses in spring and

in summer and cool-season grasses in spring—fit data

adequately (warm-season grasses in spring: Fisher

C = 0, p = 1; warm-season grasses in summer:

Fisher C = 0.02, p = 1; cool-season grasses in

spring: Fisher C = 0.32, p = 1). Overall, posterior

model representation predicted that positive effects of

Fig. 2 Lolium multiflorum relative cover (%) in grasslands with

and without grazing history and, subjected to three seed addition

treatments: control plots without seed addition (C), plots with

the addition of L. multiflorum seeds with low or high E.

occultans incidence (E- and E? plots, respectively). The

resident community of grassland with grazing history was

dominated by exotic species, whereas that without grazing

history was dominated by native species. Bars show mean

values (±standard error). The p values show significant

differences of pairwise comparisons (Table S4)
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seed addition (for both E? and E- treatments) on the

final cover of L. multiflorum decreased as its cover in

the recipient community increased until it reached a

plateau (Fig. 4a). Specifically, the models predicted

that the addition of E? seeds had the greatest impact

on the final cover of L. multiflorum when its initial

cover in the recipient community was about 20 %.

While, the addition of E- seeds had the greatest

impact on the final cover of L. multiflorum when its

initial cover in the recipient community was about

30 %. Moreover, the relative effect of the endophyte

(E?/E- minus 1; having subtracted recipient com-

munity cover) on final cover of L. multiflorum was[2

for low initial cover of L. multiflorum in the recipient

community. This meant that the endophyte effect on

the cover of L. multiflorum was more important than

the seed addition effect when the initial cover of L.

multiflorum in the recipient community was low

(\10 %). This relative endophyte effect was 1 when

L. multiflorum cover was about 20 %, meaning that the

effects of endophyte presence and seed addition on the

final cover of L. multiflorum were similar. At 80 %

initial cover of L. multiflorum in the recipient

community, the relative endophyte effect was 0.3,

indicating a greater importance of seed addition than

endophyte presence on the cover of L. multiflorum.

These relationships implied that the endophyte effect

accounted for a 15 % reduction of the cover of warm-

season grasses in both spring and summer, and for a

33 % reduction of the cover of cool-season grasses

(other than L. multiflorum) in spring when the initial

cover of L. multiflorum in the recipient community

was 10 to 15 %. The size of the endophyte effect

decreased asymptotically to almost zero when initial

cover of L. multiflorum was very high (Fig. 4b, c).

Note that similar analyses were not performed for sites

a

c

e f

d

b
Fig. 3 Cover of warm-

season grasses (a, b), cool-
season grasses other than L.

multiflorum (c, d) and forbs

(e, f) in relation to the cover

of L. multiflorum (all

expressed as %). Plots show

sites with (black symbols)

and without (white symbols)

grazing history (which were

dominated by exotic and

native species, respectively)

in spring (left) and summer

(right). Treatments are

designated thus: control,

circles; E-, triangles and

E?, diamonds. Lines show

the best model fit curve. In

the case of the relative cover

of warm-season grasses,

cover of L. multiflorum:

Zadj = -3.70, p\ 0.001 in

spring (a) and,
Zadj = -2.27, p = 0.023 in

summer (b). In the case of

the relative cover of cool-

season grasses other than L.

multiflorum, grazing

history 9 cover of L.

multiflorum: Zadj = -1.86,

p = 0.062 in spring (c)
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with grazing history, as there was no evidence of an

endophyte effect on the cover of L. multiflorum. For

the same reason, the analyses were not performed for

cool-season grasses in summer or forbs.

Discussion

Our results show that the systemic fungal endophyte E.

occultans increased the ability of an annual grass to

become integrated into a community without recent

grazing history and had effects particularly on warm-

and cool-season grasses functional groups. The endo-

phyte effect on L. multiflorum cover suggested an

enhancement of host establishment and competitive

ability; benefits that were evident where cover of other

competitive exotic species was low (that is in sites

without grazing history). In these sites, improved

performance of L. multiflorum conferred by the

endophyte fungus might be explained by a combina-

tion of multiple direct and indirect mechanisms such

as deterrence of herbivores (e.g. insects) or seed

predators or greater water use efficiency. In turn, L.

multiflorum cover seemed to be the main control for

reducing the cover of both warm- and cool-season

grasses, a conclusion that was also supported by our

global modelling. Importantly, we did not detect

interactions between seed addition and L. multiflorum

cover that would have suggested endophyte effects

mediated by alternative mechanisms such as allelo-

phathic effects.

E. occultans enhanced the invasion ability of L.

multiflorum in grassland depending on community

filters strength

Effects of fungal endophytes on invasion success and

community structure have been tested in previous

studies (e.g.: Rudgers et al. 2005, 2007; Saikkonen

et al. 2013). However, its importance for annual

grasses invasion with respect to recipient communities

with potential contrasting resistance has rarely been

considered. Our results emphasize the importance of

the functional composition and diversity of the initial

plant assemblage (Tilman 2001; Mitchell et al. 2006)

in determining the effects of the endophytes on its host

as well as on community structure. In this study, the

endophytic fungus markedly enhanced the invasion

ability of an annual grass in a community that was

dominated by native grasses (in sites without recent

grazing history). This result is in line with ‘Darwin’s

naturalisation hypothesis’ which predicts that exotic

species more distantly related to native communities

are more successful in early stage of species succes-

sion, as they share fewer natural enemies and compete

a

b

c

Fig. 4 Predicted effects of seed addition on the cover of L.

multiflorum (a), warm-season grasses in spring and summer (b),
and cool-season grasses in spring (c) along a gradient of initial

cover of L. multiflorum in the recipient communities without

grazing history. In panel (a), the left axis shows the cover of L.

multiflorum predicted for E? and E- seed additions (full and

dashed lines, respectively); the right axis shows the endophyte

relative effect (E?/E- minus 1). Arrows indicate the greatest

impact estimated as its final minus its initial cover. The output of

this model was used to simulate the consequent effect on the

relative cover of cool- (other than L. multiflorum) and warm-

season grasses (b and c). The central panel (b) shows the relative
cover of warm-season grasses in spring and summer (black and

white symbols, respectively). The lower panel (c) gives the

relative cover of cool-season grasses (other than L. multiflorum).

In all cases, the E? and E- seed addition effects are indicated

with full and dashed lines, respectively, and the area between

both lines represents the endophyte effect

1860 C. Casas et al.

123



less intensively for resources with the native species

(Daehler 2001; Li et al. 2015). The mechanism may

also be taken to suggest that the endophyte generates a

sort of niche differentiation either by enabling a

differential use of resources or a greater protection

against natural enemies which would favours its hosts’

invasion success, in line with the limiting similarity

hypothesis (Abrams 1983). In addition, the clipping

pre-treatment may have weakened the native species’

competitive ability relative to the emerging L. multi-

florum seedlings, thus providing beneficial conditions

for the establishment of endophyte-enhanced L. mul-

tiflorum in the community without recent grazing

history. On the contrary, communities in sites with

grazing history were composed of highly competitive

exotic species (which were phylogenetically more

closely related with L. multiflorum, Fig. S7–S8). These

species have replaced the native cool-season grasses,

and may have reinforced the filter to invasion (Kul-

matiski 2006) diluting (or erasing) the beneficial

effects of the symbiosis.

In spite of the fact that our experiment did not test

specific mechanisms, we speculate that less favourable

environmental conditions (e.g. lower soil moisture and

nutrient availability, see Fig. S1, Table S1) as well as a

greater phylogenetic distance between L. multiflorum and

the recipient community (Fig.S7–S8)mayhavepermitted

endophytic L. multiflorum plants to express competitive

advantages in sites without grazing history. In these sites

compared to sites with grazing history the endophyte

might enable increased resource acquisition from the soil

(e.g.: Ravel et al. 1997; Kane 2011; Vázquez-de-Aldana

et al. 2013; Garcı́a Parisi et al. 2014), protection against

invertebrate herbivores, pathogens (Omacini et al. 2001,

2006; Sugawara et al. 2006; Ponce et al. 2009; Pérez et al.

2013) or granivores (Uchitel et al. 2011). Remarkably,

protective endophyte effects at the seed and seedling

stages (Omacini et al. 2009; Uchitel et al. 2011; Gundel

et al. 2012)may be particularly important for grasses such

as L. multiflorum which have no persistent soil seed bank

and for which recruitment in newly invaded sites is seed-

limited (Levine et al. 2004; Mitchell et al. 2006; Gundel

et al. 2009b).

E. occultans shaped the recipient community

structure mediated by L. multiflorum cover

Our results provide support for the idea that the

endophyte effect shaped community structure and

controlled filter strength of the community with effects

that persisted even after the growth cycle of this annual

grass. Certainly, it is necessary to evaluate if the

lasting endophyte effect (i.e. the reduction in the cover

of warm-season grasses during spring and summer)

might facilitate the invasion of others species with

longer-term consequences for community dynamics.

For instance, Longo et al. (2013) observed that

experimental removal of warm-season grasses dra-

matically increased exotic grass and forb biomass. In

addition, empirical evidence from these grasslands

showed a first transient peak of L. multiflorum after

one year of grazing followed by a delayed increase in

perennial rosette-like forbs only after five years of

continuous grazing (Chaneton et al. 2002). Remark-

ably, our results suggest that the endophyte may be

playing an important role on plant community struc-

ture which has not been considered before especially

early after a disturbance. Besides, the production of

endophytic L. multiflorum seeds and their arrival to the

soil seed bank may increase during the following

growing seasons. In particular, considering the low L.

multiflorum seed dispersion (Williams and Bartholo-

mew 2005), this mechanism may enhance the persis-

tence of endophyte controls on the invaded plant

community. In parallel, our global modelling sug-

gested that initial L. multiflorum cover in the recipient

community may have controlled the invasion of

endophytic L. multiflorum. We are not aware of

experiments that have addressed the effect of the

invasion of this grass-endophyte symbiosis on recip-

ient communities with a range of different initial L.

multiflorum covers.

While the reduction in the cover of warm-season

and cool-season grasses other than L. multiflorum was

explained by the cover of L. multiflorum, we can not

disregard simultaneous effects of alternative mecha-

nisms. For example, Trifolium pratense growing next

to endophytic Festuca rubra exhibited a greater

reduction in plant growth (i.e. lesser shoot and root

biomass production) than plants growing next to non-

endophytic F. rubra (Vázquez-de-Aldana et al. 2012).

That result was not explained by F. rubra biomass or

phosphorus content of T. pratense suggesting that the

effect may have resulted from the release into the soil

of some chemical compound(s) with allelopathic

effects. Studies with S. arundinaceus in symbiosis

with E. coenophialum detected negative soil feed-

backs on shrubs (Orr et al. 2005; Rudgers and Orr
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2009) but not on forbs (Matthews et al. 2001). In the

specific case of the L. multiflorum–E. occultans

symbiosis, the endophyte was found to increase its

hosts’ nitrogen uptake (Garcı́a Parisi et al. 2014) and

shift the structure and function of the microbial

community in the rhizosphere (Casas et al. 2011).

This symbiosis also affected mycorrhizal colonization

in non-host counterparts (Omacini et al. 2006) and the

nodulation by nitrogen-fixing bacteria in legume

species (Garcı́a Parisi et al. 2014). Certainly, these

mechanisms might also affect neighbouring species in

the community.

Field conditions favoured high incidence levels

of E. occultans in L. multiflorum population

Remarkably, the incidence of E. occultans in L.

multiflorum seeds harvested from E- plots presented a

strikingly higher incidence than that in the added seed

pool (49 vs. 3 %, respectively). This result was

independent of grazing history and highlights two

main aspects. First, plots may have an important L.

multiflorum soil seed bank (even though it is not

considered persistent), replenished by large amounts

of seed every growing season, from plants in situ and

surroundings (seed dispersion). Despite our effort to

remove seedlings of L. multiflorum just prior to the

seed addition experiment, external seeds could have

arrived in all three plots (control, E- and E?).

However, this mechanism was probably weak as L.

multiflorum seed production and dispersion normally

occurs during December and January, several months

before the experiment began. Second, the increase in

E. occultans incidence in E- plots may have resulted

from a superior competitive ability of the resident

plants with high level of endophyte incidence relative

to the added E- L. multiflorum seeds. Meanwhile,

mechanisms such as competition, differential seed

predation or herbivory by insects may also be

involved. Indeed, this evidence is also consistent with

the high incidence of this symbiosis in the control plot

(72 %) and throughout the grasslands of the Pampa

region (De Battista 2005; Gundel et al. 2009a) and

other similar systems (Clay 1990; Clay et al. 2005).

Final levels of endophyte incidence in E- plots

suggest that this grass is under a strong selection for

the symbiosis with E. occultans (Clay and Schardl

2002).

Summarizing, this work demonstrates that fungal

endophytes can play an important role in assisting

an annual host grass to invade natural temperate

grasslands. Aerial endophytes in grasses which are

vertically transmitted (i.e. seed-born) may present a

critical advantage increasing the chances for this

ruderal species to pass through the various ecolog-

ical filters to invasion resistance (Uchitel et al.

2011). Ultimately, the reduction in the cover of

other grasses could have consequences for commu-

nity structure (Levine 2000). Understanding the

impact of aerial fungal endophytes on communities

assemblage and ecosystem processes over time will

require explicit focus on their interactions with

other trophic levels.
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