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Abstract
Background and aims Complex webs of multiple inter-
actions determine the final aboveground and below-
ground community structure. While the mechanisms
are difficult to determine, soil conditioning may modify
other plants performance and their interaction with other
organisms. We aim to determine the extent to which
aboveground Epichloë endophytes and consumers

induce legacy effects on subsequent plants and their
interactions with floral visitors.
Methods We performed two mesocosm experiments
in two phases. Firstly, annual ryegrass plants
(Lolium multiflorum), in symbiosis or not withEpichloë
occultans and subjected or not to grazing, were grown in
mesocoms to generate four soil conditionings. Secondly,
thistle plants (Carduus acanthoides) were grown in these
conditioned soils. We assessed thistle plants aerial bio-
mass, number of flower heads and their floral visitors.
Results The presence of one or both interactions (sym-
biosis and grazing) reduced total visits in subsequent
thistle plants by 45%. In particular, honeybees and other
bees were reduced by 42 and 51 %, respectively. The
flower head number or biomass of thistle plants may
only partially mediate these effects.
Conclusions To better understand the rules structuring
communities and ecological processes, it is critical to
connect multiple interactions effects on soil conditions
and their influence on trophic and non-trophic interac-
tions during the subsequent generations.

Keywords Abovegroundmultiple interactions . Non-
trophic interactions . Loliummultiflorum . Epichloë
occultans

Abbreviations
E+ Seeds of annual ryegrass (Lolium multiflorum)

with high incidence of endophyte Epichloë
occultans

E- Seeds of annual ryegrass (L. multiflorum) with
low incidence of endophyte E. occultans
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G+ L. multiflorum population subject to simulated
grazing

G- L. multiflorum population do not subject to
simulated grazing

Corg Soil organic carbon
Nt Soil total nitrogen
das Days after seeding
ISTA International seed testing association

Introduction

Plants live embedded in complex webs of positive and
negative interactions which determine their direct or
indirect effects on other plants of the same or different
species (Callaway and Walker 1997; Ohgushi 2005;
Scherber et al. 2010, and citations within). Either
through their roots or dead tissues, which remain as
detritus, they influence soil physico-chemical character-
istics and its community structure (Moore et al. 2004;
Bais et al. 2006; Eisenhauer and Reich 2012). While the
mechanisms are difficult to determine, it has become
clear that soil conditioned by plants may inhibit or
favour other plants and modify their interaction with
other organisms. Depending on the temporal and spatial
dimensions of these plant–soil interactions, such effects
can be termed as feedback, when they are detected in a
neighbouring plant (Bever et al. 1997; De Deyn et al.
2003; Callaway et al. 2008; Kulmatiski et al. 2008;
Reynolds et al. 2008), or as legacy effects, when they
are detected in the subsequent generation (Gange and
Smith 2005; Kardol et al. 2007; van der Putten et al.
2013). These legacy effects depend on the strength of
plant–soil interactions and their time of residence
(Kardol et al. 2007), also being capable of spreading to
multiple interactions (Cahill et al. 2008). The importance
of legacy effects mediated by multiple interactions, in-
cluding herbivores and mutualists, has been poorly stud-
ied, although these kinds of effects may be critical for
ecological processes like succession (Brown and Gange
1992) or invasion (Callaway and Ridenour 2004).

Asexual endophytes of the genus Epichloë
(Clavicipitaceae) establish a highly specific interaction
with many temperate grasses (Clay and Schardl 2002;
Leuchtmann et al. 2014). They grow systemically within
grass shoots and leaves, being vertically transmitted
through host seeds (Clay and Schardl 2002; Cheplick
and Faeth 2009). These obligate symbionts may deliver

a suite of fitness benefits to host plants under stressful
conditions, while they obtain resources and means to
multiply and disperse (Malinowski and Belesky 2000;
Clay and Schardl 2002; Cheplick and Faeth 2009). This
symbiosis was firstly known as responsible for toxic syn-
dromes in livestock, associated to the production of sec-
ondary metabolites (i.e.: alkaloids), which protect host
plants from herbivores and increase their fitness (Clay
1988; Clay and Schardl 2002). Due to fitness benefits,
grass breeding programmes have developed forage grass-
endophyte combinations which do not produce toxic al-
kaloids to livestock.

Besides, several symbioses which occur naturally pro-
duce a different profile of secondarymetabolites which are
not toxic to livestock and may be attractive in sustainable
agriculture programmes worldwide (Rodríguez and
Jacobo 2010; Iannone et al. 2012; Gundel et al. 2013).
For instance, Epichloë occultans endophytes is an asexual
hybrid with active loline biosynthetic pathways which
produce N1-acetylloline, N1-acetylnorloline, N1-
formylloline, N1-methylloline alkaloids and, it also has
indole-diterpene genes (Schardl et al. 2012). Besides,
various flavonoid and phenolic acids with systemic effect
on L. multiflorum were found when this endophyte was
present (Ponce et al. 2009).While inmany cases the causal
mechanisms and the compounds involved were not
disentangled, this symbiosis has negative consequences
on insect herbivores and their parasitoids (Omacini et al.
2001; Sugawara et al. 2006; Shiba et al. 2011).

Apart from aerial insect herbivory deterrence,
E. occultans endophytes produce multiple changes in
the host grass interactions with belowground organisms
having consequences for fundamental ecological pro-
cesses like decomposition (Omacini et al. 2004, 2006;
Novas et al. 2008; Casas et al. 2011). Interestingly,
grass-endophyte symbioses may generate legacy effects
which persist even after the removal or death of the host.
For instance, Epichloë coenophial symbiosis mediated
negative legacy effects of Schedonorus arundinaceus
(tall fescue) on other herbaceous and tree species (Clay
and Holah 1999; Rudgers et al. 2007; Rudgers and Orr
2009). Besides, the presence of E. occultans endophyte
modified legacy of L. multiflorum (annual ryegrass)
through its litter, which promoted the establishment of
fewer and larger plants regardless of symbiotic status of
the annual ryegrass seeds (Omacini et al. 2009). These
results suggest that litter produced by symbiotic
plants may play an ecological role in community
structure and dynamics.
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The bias towards the study of isolated relationships
has neglected issues such as if herbivory strengthens or
weakens the effects of the grass-endophyte symbiosis
on soil conditioning and how they mediate the legacy
effects on the subsequent generation. In isolation, graz-
ing modifies soil community structure and function via
changes in root activity (i.e.: production of exudates),
litter depositions (i.e.: quantity and quality) and tram-
pling (Bardgett et al. 1998; Mikola et al. 2005; Sorensen
et al. 2008; Schon et al. 2010; van der Putten et al.
2013). Importantly, grazing mediated legacy effects
which control subsequent plants biomass allocation
(Veen et al. 2014) and spread to multiple interactions
like those established by these plants and their above or
belowground consumers (Ohgushi 2005; Hartley and
Gange 2009; Kostenko et al. 2012). Interestingly,
Kostenko et al. (2012) showed that above and below-
ground insect herbivores, by affecting the soil fungal
community, can alter the composition of secondary
compounds in plants that later grow in the same soil,
as well as the performance of the aboveground herbi-
vores and parasitoids on those plants. These results
remark that legacy effects of plants depend on the con-
text they explore, which may be critical to understand-
ing community dynamics. Even though very few studies
have examined such interactive effects so far, the avail-
able evidence suggests that the simultaneous presence of
foliar herbivores and fungal endophytes can, indeed,
mediate legacy on other plant species (Matthews et al.
2001; Mikola et al. 2005; Sorensen et al. 2008).

In this study, we hypothesized that aboveground
Epichloë symbionts and consumers induce legacy ef-
fects that will have an impact on the growth of subse-
quent plants and their interactions with floral visitors. To
test our hypothesis, we performed two mesocosm ex-
periments under natural environmental conditions, each
consisting of two phases. In the first phase, annual
ryegrass plants (L. multiflorum) in symbiosis or not with
the endophyte E. occultans and, subjected or not to
grazing, were grown in a full factorial design. This
grass-endophyte symbiosis is very common in Pampean
grasslands and pastures (De Battista 2005; Gundel et al.
2009), where it is promoted as winter forage (Rodríguez
and Jacobo 2010). In the second phase, thistle plants
(Carduus acanthoides, Asteraceae) were grown in con-
ditioned soils to assess whether the legacy effects, in-
duced by aboveground symbiosis and grazing, influence
on plant growth and its reproductive performance. Then,
we evaluated their floral visitors to determine the soil

legacy effects on aboveground non-thropic interactions.
This experimental setting was performed in the same
soil type subjected to two different agricultural prac-
tices: native and improved grasslands through annual
ryegrass promotion. These different histories of use
represented contrasting contexts where the induced leg-
acy effects of grass-endophyte symbiosis and grazing
might differ. For instance, soil communities of natural
grassland, the least disturbed context, are considered
more complex and resilient than those of improved
grassland with higher degree of disturbance (Schipper
et al. 2001; Wardle et al. 2003; Cragg and Bardgett
2010; Culman et al. 2010; Druille et al. 2013).

Materials and methods

Experimental setup: soil and seeds origins

Two controlled experiments were conducted to test the
hypotheses. For each experiment, we used soils from
neighbouring sites in the Flooding Pampa with the same
taxonomy [typic Hapludoll, sandy loam series of Boli-
var (Bv 9), US Soil Taxonomy] but, different history of
use. One history represented an ungrazed humid meso-
phytic meadow, without other agricultural practices,
dominated by native grasses (natural grassland site,
hereafter; Fig. 1). The other history represented the same
original natural grassland subjected to common prac-
tices to improve forage production during winter (im-
proved grassland site, hereafter). This practice, known
as promotion, consists of excluding the cattle during
spring so that dominating species such as annual rye-
grass produces the greatest possible quantity of seeds
(Rodríguez and Jacobo 2010). In these grasslands, the
establishment of annual ryegrass is usually favoured
applying glyphosate herbicide before germination to
reduce competition during its growing season
(Rodríguez and Jacobo 2010). The result of this practice
is an almost mono-specific annual ryegrass pasture
which compensates the low forage productivity during
winter. Particularly, in this improved grassland, promo-
tion practices with glyphosate were performed for at
least 4 years before transporting the soil for the experi-
ment. The glyphosate applications were 4 l.ha−1 in
February (the dose was reduced to 2 l.ha−1 in the next
years as weed competition went down). In addition, at
the beginning of April, herbicides 2–4 DB-ester
(0.50 l.ha−1) and Flumetsulan (0.20 l.ha−1) were applied
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to control dicotyledonous [i.e.: Carduus acanthoides
(thistle), Echium plantagineum (purple flower), Rumex
crispus (yellow dock)] (20–30 days residual power).

Both soils with different histories generated different
environmental conditions for the growth of plants. Sites
were characterized before the experiments. Three soil
cores were taken from natural and improved grassland
sites (2.5 cm diameter, 10 cm depth), homogenized, dried,
and sieved (mesh #10) for chemical analyses during the
end of April. Determinations included organic carbon
(Corg; Walkley and Black 1934), total nitrogen (Nt;
Kjeldahl), pH (1:2.5 distilled water), and water holding
capacity (laboratory of the Department of Soil Science of
the Universi ty of Buenos Aires) . To avoid
pseudoreplication or spurious analyses, we present the
mean (± standard error) to describe the soil conditions at
the beginning of the experiments (Table 1). To characterize
the vegetationwe used a simplified approach to the Braun-
Blanquet method. Species cover was estimated as a per-
centage of the assessed vegetation. Those species that
were observed only once were considered rare (Table 1).

Seeds of annual ryegrass with high incidence of
Epichloë endophyte (E+ seeds>90 %) were collected
from different mother plants in a grassland where
symbiotic plants of annual ryegrass were dominant
in December 2004 (deatails in Omacini et al. 2009).
Distance from the seed collection to the soil collec-
tion site was less than 200 km. Half of these seeds
were treated with the fungicide Triadimenol
(5 mg.g−1 seed) to obtain seeds with low incidence

level. Both, fungicide-treated and un-treated seeds
were propagated in 1-m2 plots under common envi-
ronmental conditions in the experimental garden of
the Faculty of Agronomy at the University of Buenos
Aires. Plants were allowed to cross-pollinate freely,
which contributed to homogenize the plant genetic
background. The second generation from treated
seeds (F2) with contrasting endophyte incidence
were harvested in late spring (December 2005) and
stored until the experiment. Microscopic examination
determined the endophyte incidence level (E+: 90 vs.
E-: 6 %, n=30 stained seeds per group). For this
purpose, seeds were incubated in sodium hydroxide
(2.5 %) for∼12 h, and then stained with Rose Bengal
(ethanol 5 mL, Rose Bengal stain 0.5 g, distilled
water 95 mL). This methodology has proven to be
suitable for Epichloë endophyte determination (Koh
et al. 2006). Germination tests according to ISTA (Inter-
national Seed Testing Association) rules were carried out
under laboratory conditions (15/25 °C, 8 h light, 5 days,
n=4). Total germination did not differ between E+ and
E- seeds [E+=98.7 % vs. E-=95 %. Welch T-test=1.56,
p=0.178, n=5 (4.97)].

Thistle seeds were collected from a grassland in
Inland Pampas during spring in 2003 (same field
were annual ryegrass seeds were collected, see
above) and stored at 4 °C until the experiments.
Storage conditions and the period of storage (2003–
2007) prior to the use ensured the loss of seed dor-
mancy. Thistle seeds were placed on water agar

Fig. 1 Timeline showing the experimental setting. Soil was brought
from neighbouring sites (typical Hapludol, sandy loam) with natural
and improved grasslands use histories. 24 mesocosms (0.25 m×
0.25 m×0.20 m depth) were filled with soil from each history of
use to perform the conditioning treatments. The same amount of
L. multiflorum seeds with or without the symbiosis (E+ and E-) were

added in the mesocosms. Half of the mesocosms were subjected to
grazing simulation including cutting and trampling. Five months
after L. multiflorum life cycle had ended two legacy experiments
were perform on the conditioned soils. The legacy to thistle plants
(C. acanthoides) considered their biomass, number of flower heads
and insect visits (see details in Materials and Methods)
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plates under controlled conditions (growth chamber
at 22 °C) to induce germination. Consequently, the
effect of treatments on the germination was not con-
sidered. This species is considered a weed in crop and
livestock systems, and it is usually found in early
successional stages in Pampean grasslands and pas-
tures where annual ryegrass is a common species
(Omacini et al. 2005). Success as an invasive species
has been attributed to the prolific seed production,
seed longevity, wind dispersal, competitive ability,
the absence of natural enemies (Feldman and Refi
2006; Mandák et al. 2009). The flower heads are
solitary or in small clusters and are visited mainly
by Bombus spp. and Apis mellifera and several spe-
cies of other bees and wasps (Desrochers et al. 1988).

Thistle plants and their visitors is an interesting mod-
el to evaluate legacy effects on trophic and non-trophic

relations. In that concern, a dicot species has advantages
over grasses as their flowers offers rewards (nectar and
pollen) to insects which contribute with pollination
(a non-trophic relation). Besides, thistle is similar to
annual ryegrass in terms of origin and ecological behav-
iour. Both, species are exotic/ naturalized, considered as
invasive species in Pampean temperate grasslands
where usually prevailed in early and mid-successional
stages (Tognetti et al. 2010). In particular, thistle is a
large size species (from 30 cm to 2 m height), very
persistent and has the ability to regenerate because of
the longevity and large number of seeds that it produces.
Besides, thistle invasion reduces productivity of pas-
tures and grassland by suppressing growth of desirable
vegetation and preventing livestock from eating plants
growing in the vicinity of thistle stands (Desrochers
et al. 1988).

Phase 1: soil conditioning

The soils from each site were used to fill 24
mesocosms (plastic containers of 0.25 m×0.25 m×
0.20 m depth; considering both soil origins, 48 in
total). Before filling the mesocosms, the soils from
both sites, natural and improved grasslands, were
homogenised by crumbling and cleaning from roots.
To generate the different conditioning treatments, we
seeded annual ryegrass with high or low level of
fungal endophyte incidence (E+ or E-, respectively)
and simulated or not cattle grazing (G+ or G-, re-
spectively) in a factorial arrangement. We use the
same experimental design in each experiment with
randomized complete blocks (six blocks each). An-
nual ryegrass with or without the symbiosis (E+ or
E-) were manually seeded at a density of 3000
plants.m−2 (equivalent to 200 plants per mesocosm)
in early May 2006. Grazing was simulated during the
growing season of annual ryegrass according to cut
off frequency in rotational grazing systems typical in
Pampean region [40 and 130 das (days after seeding)]
(Giordani 1973). The annual ryegrass biomass was
cut to 6 cm height using scissors. The G+ treatment
also included a simulation of trampling with an arti-
ficial hoof (adapted from Striker et al. 2006) (Fig. 1).
The plants were grown under natural environmental con-
ditions of light and temperature and, watered to maintain
soil moisture in experimental garden of the Faculty of
Agronomy at the University of Buenos Aires. Environ-
mental conditions explored during the experiments were

Table 1 Characteristics of both sites used in the experiments

Natural grassland Improved grassland

Soil characteristics

Organic carbon (%) 4.11 (±0.02) 2.86 (±0.31)

Total nitrogen (%) 0.42 (±0.07) 0.3 (±0.03)

Mineral nitrogen
(μg N.g soil−1)

21.41 (±2.92) 19.11 (±2.34)

pH 6.12 (±0.02) 6.17 (±0.33)

Water holding
capacity (%)

36.6 (±5.60) 25.65 (±1.23)

Plant cover (%)

Grasses

Bromus mollis R –

B. unioloides 75 R

Cynodon dactylon 25 ≤5
Lolium multiflorum – 90*

Paspalum dilatatum 5 –

Setaria sp. R –

Dicots

Ammi majus – ≤3
Carduus acanthoides 1 ≤5
Silybum marianum – R

Sonchus sp. R –

The determinations were performed on three soil samples at the
beginning of the experiments we show the average (± standard
error) with no statistical comparison. Species coverage was esti-
mated as a percentage of vegetation per stand. Rare (R) species
were observed only once in the vegetation stand

* L. multiflorum plants had high frequency of endophyte (greater
than 95 %, n=30)
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similar to local historical average and according to tem-
perate climatic conditions (Fig. 2).

We estimated annual ryegrass aerial (including
leaves, tillers and spikes) and root biomass at the
end of its life cycle (mid December 2006). Plant
biomass helped us to identify possible mechanisms
for legacy effects: whether legacy effects occur indi-
rectly through plant size effects or potential soil
changes. Estimations were made on three sub-
samples taken at random with a core (6 cm diameter
and 5 cm depth). Annual ryegrass aerial biomass was
estimated from the material above the core and, root
biomass from the roots in the core after removing the
soil. The biomass was oven dried (60 °C, 48 h) and
weighed (accuracy of±0.01 g). Both biomass values
are expressed as kg.m−2. Total biomass included
aboveground material plus the cut material during
grazing simulation which was oven dried and weight.
Note that E- seed production did not depend on
grazing and was similar in natural and improved
grassland (García Parisi et al. 2012). In contrast,
grazing reduced E+ seed production in about 70 and
40 % in improved and natural grassland, respectively.
Finally, grazing reduced the endophyte transmission
to seeds in both type of grasslands (García Parisi
et al. 2012). Soil separated from roots was collected,
dried and sieved (mesh #10) at the end of ryegrass
life cycle. We determined soil mineral N (μg N.g
soil−1), pH and water holding capacity (%) (Labora-
tory of the Department of Soil Science of the Univer-
sity of Buenos Aires). Soil was considered
rhizospheric as root density was very high through-
out the volume of the sample.

Phase 2: legacy effects on thistle plants and their floral
visitors

We set a legacy experiment in soils where annual rye-
grass plants had grown under the combination of the
symbiosis (E+ or E-) and grazing (G+ or G-) interac-
tions. Thistle (C. acanthoides) plants were grown in the
mesocosms used during phase 1. Annual ryegrass bio-
mass varied with grazing and so did the amount of litter
produced by these plants. Therefore, the amount of litter
deposited in each pot was homogenized harvesting all
the material produced and placing 12.5 g of litter on the
surface [equivalent to 2000 kg ha−1 reasonable in tem-
perate pasture (Sosa et al. 2006)] straight after the end of
annual ryegrass life cycle. Accordingly, litter only var-
ied in relation to the level of endophyte infection (E+ or
E- but not in quantity). We controlled the quantity of
litter to generate similar conditions in terms of soil
temperature, light and water dynamics. This procedure
avoided mixed effects and allowed evaluating differ-
ences due to litter quality.

Five months after the end of L. multiflorum life cycle,
three thistle seedlings were transplanted in each
mesocosm (June 2007. See Figs. 1 and 2 for weather
conditions details). The most vigorous thistle plant,
within each mesocosm was selected to continue the
experiment a week after transplanting. To determine
the frequency of visits we performed observation cen-
suses on each thistle during the flowering period (07th
December, 2007 - 31th January, 2008). Each census
lasted 15 min between 8:00 and 14:00 h (when insect
activity is the highest) and on sunny days when the wind
speed was low. Only insects that were collected on an

Fig. 2 Monthly average of mean temperature (full line), minimum
temperature (lower dotted line) and maximum temperature (upper
dotted line. All expressed as °C), and precipitation (gray bars.
Expressed as mm) during phases of soil conditioning and legacy
of the experiments which were recorded at the nearest weather

station. Historical mean temperature (diamonds) and historical
mean precipitation (white bars) help to compare with average
weather condition of the region. Non-available data are indicated
with crosses at the bottom line (Source: http://ds.data.jma.go.jp/
gmd/tcc/tcc/index.html. Accessed: 3rd May, 2015)
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open flower head were considered as visitors. On each
observation census, 4 to 5 thistle plants were randomly
selected. Considering that the census of the eight condi-
tions (i.e.: four treatments and two soil histories) was
impossible in 1 day, randomization of thistle plants
including the eight conditions minimized spurious dif-
ferences due to the date of sampling along the census
period. We observed and identified a total of 2197
insects belonging to 16 morphotypes. Wasps (one spe-
cies of tribe Bembecini, in family Crabronidae: Hyme-
noptera) were excluded from the analyses as only three
individuals were observed along the experiments.
Morphotypes were classified according to honeybees,
other bees (this group included bumble bees, native
bees, and/or solitary bees), butterflies (different Lepi-
doptera species), beetles (two species of Coleoptera),
and flies (including Diptera species, see Table 3). Hon-
eybees were the most abundant species (10:1 to the
other insect morphotypes) and, they are important visi-
tors of thistle. The frequency of floral visitors is
expressed as the average of visits per hour in relation
to the number of censuses done on the thistle plant. A
total of 36 thistle flowered plants were harvested to
estimate biomass when the flowering period was over
in February 2008. At this moment, almost all the flower
heads had seed already ripe. Some of the thistle plants

remained as rosettes along the experiment, and were not
taken into account in the results as no association be-
tween the rosette stage plants and treatments was found.
In total, we used 19 flowering plants in the natural
grassland (n: E-G-=4, E-G+=5, E+G-=4, E+G+=6)
and 17 in the improved grassland (n: E-G-=4, E-G+=5,
E+G-=4, E+G+=4). The harvested material (stems,
leaves and flower heads) was dried to constant weight
(for at least 72 h at 60 °C) and weighed (with an
accuracy of 0.001 g). Flower heads were counted to
estimated individual flower head biomass. Aerial bio-
mass and flower head values were expressed as
g.plant−1 and g.flower head−1, respectively. Given the
variation in flowering onset, duration of flowering phe-
nology and number of flower heads between the plants
in each census, we recorded the days to onset flower
since first observation. In addition, we counted the open
flower heads from all thistle plants. Days to onset,
maximum number of open flower heads and number
of open flowers at flowering end represented the dura-
tion and magnitude of the visual and olfactory attraction
to insects. Note that flower biomass per plant includes
the total amount of flowers (with different attractiveness
depending on if they were close, open or already senes-
cent) at the end and does not represent the attraction
along the flowering period.

Table 2 Means (± standard error) for the aerial and root biomass of Lolium multiflorum and, the values of soil pH, water holding capacity
and mineral nitrogen

G- G+

E- E+ E- E+

Natural grassland

Lm aerial biomass (kg.m−2) 7.15 (±0.82) a 6.87 (±1.38) a 1.76 (±0.20) b 1.55 (±0.36) b

Lm root biomass (kg.m−2) 1.24 (±0.08) a 0.97 (±0.07) ab 0.76 (±0.09) b 0.96 (±0.16) ab

Soil mineral N (μgN.g soil−1) 50.45 (±5.78) a 52.41 (±7.57) a 39.48 (±3.70) b 40.89 (±4.13) b

Soil pH 6.95 (±0.18) a 6.97 (±0.11) a 6.42 (±0.13) b 6.31 (±0.17) b

Water holding capacity (%) 36.49 (±1.85) a 36.13 (±0.97) a 28.75 (±1.31) b 28.69 (±2.21) b

Improved grassland

Lm aerial biomass (kg.m−2) 3.65 (±0.67) a 5.21 (±0.97) a 1.30 (±0.26) b 1.13 (±0.21) b

Lm root biomass (kg.m−2) 0.81 (±0.13) a 1.29 (±0.23) a 0.70 (±0.11) b 0.68 (±0.08) b

Soil mineral N (μgN.g soil−1) 30.66 (±3.51) a 27.22 (±3.32) a 24.76 (±3.52) b 20.89 (±2.01) b

Soil pH 7.27 (±0.09) a 7.45 (±0.15) a 6.92 (±0.14) b 7.09 (±0.12) b

Water holding capacity (%) 29.00 (±1.59) a 28.17 (±1.90) a 17.12 (±0.87) b 15.77 (±2.08) b

Different letters within the cells indicate significant differences for comparisons per row (P-value <0.05). Lm=L. multiflorum

Environments generated by history of use (natural and improved grasslands) were analyzed independently. The letters G and E in the column
headings indicate grazing (G- and G+) and symbiosis (E- and E+) treatments
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Statistical analysis

Analyses were performed separately for each experi-
ment consisting in soils with different history of use
(i.e. natural and improved grassland soils) to avoid
pseudoreplication in history of use and not suitable
conclusions (note that soil histories do not have genuine
repetitions as soils were brought from two neighbouring
sites in the Flooding Pampa with the same taxonomy.
Comparisons were performed using linear mixed
models. The values of annual ryegrass aerial and
root biomass and, soil pH, moisture and mineral
nitrogen, thistle aerial biomass, flower head biomass
per plant and per individual flower head and, days to
onset flower since first observation, maximum num-
ber of open flower heads and, the number of open
flowers at flowering end were compared using the
lme function [nlme package (Pinheiro and Bates
2000; Pinheiro et al. 2009)] with normal distribution
of error and, considering Symbiosis and Grazing as
fixed factors; and block as a random factor. When
was necessary variance functions were tried includ-
ing weights=varIdent (form=~1|factor) for Symbio-
sis or Grazing. Nested models were compared with
AICtab function from bbmle package (Bolker and
Team 2014). The normality assumption was

evaluated by shapiro.test function (the basic pack-
age) with residues of the models [shapiro.test
(residuals(model))]. The assumption of homogeneity
of variances was evaluated by leveneTest function
[car package (Fox and Weisberg 2011)] for treat-
ments (combination of levels of factors). When the
error distributions did not fit the normal distribution
assumptions, we fitted models for Poisson error
distribution family or negative binomial as ex-
plained below for frequency of visits,

The frequency of total visits and groups described
above: total visits, honeybees, bees other than honey-
bees, butterflies, flies and beetles were compared using
generalized mixed effect models. We used the glmer
function [lme4 package (Bates et al. 2014)] for Poisson
error distribution family and, the glmmadmb function
[glmmADMB package (Bolker et al. 2013)] for nega-
tive binomial distribution (Table 5). Both models con-
sidered Symbiosis and Grazing as fixed factors; and
block as a random factor. Dispersion was evaluated with
the overdisp_fun proposed by Bolker et al. (2009).

To examine the relationship between thistle traits
and frequency of visits, a second analysis consisted
in running three different mechanistic models. These
mechanistic models were run for the visits groups
with influenced by the symbiosis, the grazing or the
interaction between both factors (See Table 5). The
mechanistic factors in the models were flower head
biomass (g.thistle plant−1), maximum number of
open flower heads and open flower heads at the end
of the experiment. Each mechanistic model included
the factor and the interactions with Symbiosis and
Grazing as predictors as predictor in order to test their
importance as a possible mechanism through which
the effects may spread. Note that the analysis of the
visits expressed by each of the trait as a response
variable would not allow analysis of these interac-
tions. Inferential analyses were done with Anova
function [car package (Fox and Weisberg 2011)]
which performed an analysis of deviance (Type II
tests with degrees of freedom associated Chisq1,10
for natural grassland and Chisq1,8 for improved
grassland). The lack of development of some
C. acanthoides plants determined unbalanced data
(natural grassland, n=19; improved grassland,
n=17). All analyzes were performed with the R-cran
program, version 2.10 (R Development Core Team
2007). Figures in the results section show the averages
of the replicates±standard error.

Table 3 Observed morphotypes of insects. Morphotypes were
classified according to honey bees, other bees, butterflies, flies
and beetles. Columns show the group and the identified visitors
included

Morphotype group (Order) Species/morphotype

Honey bees (Hymenoptera) Apis mellifera

Other bees (Hymenoptera) Augochlora sp.

Bombus atratus

Lasioglossum sp.

Megachile gomphrenae

Meliponini sp.

Mellissodes tintinnans

Xylocopa augusti

Butterflies (Lepidoptera) Unclassified

Beetles (Coleoptera) Chauliognathus scriptus

Chrysomelidae sp.

Flies (Diptera) Allograpta exotica

Eristalix tenax

Muscidae sp.

Toxomerus sp.
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Results

Soil conditioning

At the end of the soil conditioning phase, the symbiosis
did not influence either the aerial and root biomass of
annual ryegrass or soil measured parameters. Instead,
G+ treatment reduced the aerial biomass of annual rye-
grass (76.4 %), soil pH (8.5 %), moisture (20.9 %) and
mineral nitrogen (21.9 %) in the natural grassland soil
experiment. The interaction between symbiosis and
grazing influenced root biomass of annual ryegrass.
Grazing (G+ level) reduced root biomass by 38 % in
the absence of symbiosis (E- treatment) and had no
effect when symbiosis was present (E+ treatment,
Table 2).

Likewise, at the end of the soil conditioning phase,
symbiosis did not affect either annual ryegrass biomass
(aerial and root) or soil measured parameters, but graz-
ing reduced the aerial and root biomass of annual rye-
grass (73 and 52 %, respectively), soil pH (4.8 %),
moisture (42.5 %) and mineral nitrogen (21.1 %) in
the improved grassland soil experiment (Table 2).

Legacy effects on thistle plants

Symbiosis and grazing on annual ryegrass do not mod-
ify flower head biomass per thistle plant but, the sym-
biosis reduced individual flower head biomass in the
natural grassland soil experiment. Individual flower
head biomass was reduced in average by 20 % in the
E+ compared with E- treatments (Table 4 and Fig. 3a
and c). In contrast, grazing reduced in average by 17 %
flower heads biomass per thistle plant in the improved
grassland soil experiment. Symbiosis and grazing on
annual ryegrass do not modify individual flower head
biomass in the improved grassland soil experiment
(Table 4 and Fig. 4b and d). Grazing anticipated
flowering by 7 days in average in the natural grassland
soil experiment (Table 4 and Fig. 4a). Symbiosis and
grazing on annual ryegrass did not influence the maxi-
mum number of open flower heads per thistle plant nor
the number of open flower at flowering end, which were
13 and 10, respectively on average in the natural grass-
land soil experiment (Table 4 and Fig. 4c and e). Mean-
while, the days to onset depended on the interaction
between symbiosis and grazing in the improved grass-
land soil experiment (Table 4 and Fig. 4b). This inter-
action showed that E-G- treatment anticipated flowering

by 22 and 18 days compared with E+G- and E-G+,
respectively. Besides, both interactions reduced the
maximum number of open flowers and, the number of
open flowers at flowering end of thistle plants growing
in the improved grassland soil experiment (Table 4 and
Fig. 4d). Maximum number of open flowers was re-
duced by 22.5 % under grazing and by 45 % under
symbiosis conditions and the number of open flowers
at flowering end was reduced by 30 % under grazing
and by 60 % under symbiosis conditions. Neither sym-
biosis nor grazing on annual ryegrass changed the aerial
biomass of thistle in both natural or improved grassland
soil experiments (Table 4).

Legacy effects on thistle floral visitors

Neither symbiosis nor grazing on annual ryegrass af-
fected the frequency of visits in the natural grassland soil
experiment (Table 5 and Fig. 5). In contrast, both inter-
actions (symbiosis and grazing) had negative effects on
the frequency of visits to thistle plants in the improved
grassland soil experiment (Table 5 and Fig. 6). The
presence of one or both interactions reduced the total
visits by 45 % compared with E-G- treatment. In partic-
ular, a similar pattern was observed for the honeybees
and other bees where the presence of one or both inter-
actions reduced the frequency of visits by 42 and 51 %
compared with E-G- treatment, respectively. In the case
of butterflies, the symbiosis reduced the frequency of
visits to thistle plants by 48 %. We did not detect
changes due to symbiosis or grazing in flies and beetles
visits, the least abundant ones. The three models, which
included the flower head biomass, the maximum num-
ber of open flower heads or the number of open flower
heads at the end of flowering as predictors, indicated
that these variables are involved in the effects observed
interacting with symbiosis and grazing and thus, partial-
ly explained the effects observed on total visits and
honeybees (Table 6). The maximum number of open
flower heads and the number of open flower heads at the
end of flowering were involved in the effect on other
bees and any of the three predictors were not involved in
the effect of the symbiosis on butterflies (Table 6).

Discussion

This study demonstrated that aboveground interactions
such as symbiosis with fungal endophytes and grazing
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on the same annual grass induced soil legacy effects,
mainly by delaying flowering period and by reducing
the number of open flower heads available for floral

visitors in the subsequent generation of thistle plants.
Studies on aboveground-belowground interactions have
mainly evaluated the effects considering interactions on

Fig. 3 Flower head biomass per plant (a, b), individual flower
head biomass (c, d) of C. acanthoides. Plants were grown in soil
from natural grassland (right) or improved grassland (left) and were
subject to legacy effects associated with the presence of
L. multiflorum plants with or without the symbiosis (E+ vs. E-)
and the with or without simulated grazing (G+ vs. G-) the year
before. The combination of symbiosis and grazing generated four

growth condition for C. acanthoides. The bars show average
(± standard error). Probability value (p=) are indicated beside the
factors when there was significant effects in the analysis. Only
flowered thistle plants were considered in the analyses. In total,
we used 19 flowering plants in the natural grassland (n: E-G-= 4, E-
G+= 5, E+G-= 4, E+G+= 6) and 17 in the improved grassland (n:
E-G-= 4, E-G+= 5, E+G-= 4, E+G+= 4)

Table 4 Results of the models for the legacy effects of symbiosis
(E+ vs. E-) and grazing (G+ vs. G-) on the biomass of flower heads
(flowers head biomass. thistle plant−1), individual flower biomass,

days to onset flowering since first observation (Days to onset
flowering), the maximum number of open flower heads, open
flowers at flowering end and, the aerial biomass of C. acanthoides

Natural grassland Improved grassland

Symbiosis (E) Grazing (G) E × G Symbiosis (E) Grazing (G) E × G

Flower head biomass 0.30 (0.58) 2.31 (0.12) 0.64 (0.42) 3.19 (0.07) 4.33 (0.03) 0.71 (0.39)

Individual flower head biomass 7.64 (0.005) 0.97 (0.32) 0.45 (0.49) 0.05 (0.81) 1.69 (0.19) 0.23 (0.63)

Days to onset flowering 0.01 (0.92) 9.94 (0.001) 0.61 (0.43) 3.19 (0.07) 1.37 (0.24) 15.37 (0.000)

Maximum open flower heads 0.03 (0.85) 0.08 (0.77) 1.17 (0.27) 22.7 (0.000) 10.18 (0.001) 2.13 (0.14)

Open flowers at flowering end 0.32 (0.57) 2.39 (0.12) 0.16 (0.68) 22.79 (0.000) 4.93 (0.02) 0.38 (0.53)

Aerial biomass 0.36 (0.54) 0.15 (0.70) 0.14 (0.70) 1.60 (0.21) 1.57 (0.21) 0.78 (0.37)

The conditions created by history of use (natural and improved grasslands) were analyzed independently. The table shows the values of the
statistic with degrees of freedom associated (F1,15 and F1,13 for natural and improved grasslands, respectively) and the probability value (p-
value). Bold numbers correspond to significant effects (p-values< 0.05)
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the same plant such as the effects of arbuscular mycor-
rhizal fungi on leaf-mining or pollinating insects (Gange
et al. 2003; Gange and Smith 2005). Besides, legacy
effects have been mostly studied considering one kind
of interactions such as the effects of soil microbial
community composition (Kardol et al. 2007) as well
as, foliar- and root-feeding insects (Brown and Gange
1992; Kostenko et al. 2012) on succeeding plants. The
results presented here contribute with novel insights into
plant legacy research for several reasons: i) they remark
the importance of interactive effects of two aboveground
relations of different nature (grass-endophyte symbiosis
and grazing), ii) both relations drove legacy effects on a
different plant species with potential consequences on its
reproductive success, iii) both relations, through effects

on soil, had also consequences on aboveground interac-
tions, as they reduced the frequency of floral visitors to
those plants. It is important to consider that these effects
were only evident in the soil from improved grassland
under intensive management practice (i.e.: herbicide ap-
plications) and with greater cattle disturbance.

Remarkably, changes induced by symbiosis and
grazing levels in this annual grass, generated unexpect-
ed and non-additive legacy effects on thistle, which
were evident by the delay in the flowering period,
reduction of flowers head biomass and, the number of
open flower heads. Considering interactions simulta-
neously allowed us to observe interesting patterns such
as non-additive legacy effects mediated by grass inter-
action with its symbiont and grazers. Importantly, our

Fig. 4 Days to onset flower since
first observation (a, b), maximum
number of open flower heads
during flowering period
(c, d) and, number of open
flowers at flowering end
(e, f) of C. acanthoides. Plants
were grown in soil from natural
grassland (right) or improved
grassland (left) and were subject
to legacy effects associated with
the presence of L. multiflorum
plants with or without the
symbiosis (E+ vs. E-) and the
with or without simulated grazing
(G+ vs. G-) the year before. The
combination of symbiosis and
grazing generated four growth
condition for C. acanthoides. The
bars show average (± standard
error). Probability value (p=) are
indicated beside the factors when
there was significant effects in the
analysis. Only flowered thistle
plants were considered in the
analyses. In total, we used 19
flowering plants in the natural
grassland (n: E-G-= 4, E-G+= 5,
E+G-= 4, E+G+= 6) and 17 in the
improved grassland (n: E-G-= 4,
E-G+= 5, E+G-= 4, E+G+= 4)
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results showed for the first time that induced legacy of
both symbiosis and grazing mediated by the annual
ryegrass had a similar impact (effect size) on thistle
plants during the subsequent generation (i.e.: number
of open flower heads at the end of the experiment).
Meanwhile, we did not find any evidence of change in
the aboveground biomass allocation of thistle as expect-
ed from previous works (Veen et al. 2014). Recent
works support the idea that grass-endophyte symbiosis
mediates legacy effects controlling the structure of the
plant community during the following growing season
(Rudgers et al. 2007; Rudgers and Orr 2009; Omacini
et al. 2009) through mechanisms still difficult to
elucidate.

Concerning feasible mechanisms through the soil,
previous studies shown that this particular symbiosis
can influence rhizosphere chemistry (Ponce et al. 2009;
Vignale et al. 2014), reduce litter decomposition rates
(Omacini et al. 2004) and affect the activity of soil
organisms (Omacini et al. 2006; Novas et al. 2008;
Casas et al. 2011). In particular, exudation of allelo-
pathic compounds from L. multiflorum infected plants
are likely to explain, at least in part, the effects on soil
communities and functioning (Vignale et al. 2014).
However, very low values of loline alkaloids reported
in L. multiflorum infected plants (less than 100 μg.g−1)

(see Omacini et al. 2009; Siegrist et al. 2010) makes
this group of compounds unlikely to generate legacy
effects. Meanwhile, there are several evidences that
grazing can influence soil environment (Hamilton and
Frank 2001; Mikola et al. 2001; Kourtev et al. 2002;
Pietikäinen et al. 2009; Eisenhauer and Reich 2012).
For instance, grazers promoted root exudation of car-
bon, which was quickly assimilated by microbial com-
munity in the rhizosphere (Hamilton and Frank 2001).
Moreover, their effects on microbial community in-
creased soil mineral nitrogen, plant nitrogen uptake
and leaf nitrogen content. Interestingly, Bultman and
collaborators (2004) detected that clipping enhanced
alkaloids production in endophytic tall fescue
(S. arundinaceus) plants which altered host plant rela-
tionship with aphids. Thus, the effects of simulated graz-
ing on endophytic annual ryegrass plants may also in-
crease loline compounds levels or other alkaloids pro-
duction and trigger changes in host exudates and soil
chemistry. Furthermore, higher soil nitrogen levels under
simulated grazing makes this possibility even more fea-
sible since it may stimulate alkaloid production
(Arechavaleta et al. 1992). It will also be essential to
know the dynamics of these products in the soil and their
ability to be transferred to other plants (see Lehtonen
et al. 2005) to assign them a role in the legacy effects.

Table 5 Results of the models for the legacy effects of symbiosis (E+ vs. E-) and grazing (G+ vs. G-) on total visitors and morphotypes
classified according to honey bees (A. mellifera), other bees, butterflies, flies and beetles visiting C. acanthoides flower heads

Total visits Honey bees Other bees Butterflies Flies Beetles

Natural grassland

Symbiosis (E) 0.54 (0.46) 0.00 (0.98) 1.78 (0.18) 0.16 (0.68) 0.30 (0.58) 0.00 (0.99)

Grazing (G) 0.57 (0.44) 0.00(0.95) 2.05 (0.15) 0.46 (0.49) 0.31 (0.58) 0.00 (0.99)

E × G 0.09 (0.78) 0.33 (0.56) 0.01 (0.91) 0.11 (0.73) 0.28 (0.59) 0.00 (0.99)

Model Neg. Binom Neg. Binom Neg. Binom Neg. Binom Poisson Poisson

Disp. parameter 5.6 (±1.92) 4.3 (±1.56) 3.8 (±1.64) 4.3 (±2.62) 1.7(p 0.04) 0.6 (p0.84)

Improved grassland

Symbiosis (E) 38.87 (0.000) 20.66 (0.000) 4.31 (0.03) 5.49 (0.02) 0.55 (0.46) 0.43 (0.51)

Grazing (G) 34.79 (0.000) 14.39 (0.000) 5.09 (0.02) 3.63 (0.05) 0.17 (0.68) 0.01 (0.92)

E × G 4.63 (0.03) 2.88 (0.08) 1.57 (0.21) 0.18 (0.67) 2.56 (0.10) 0.00 (0.99)

Model Poisson Poisson Neg. Binom Poisson Poisson Poisson

Disp. parameter 2.4 (p 0.004) 0.8 (p 0.58) 6.4 (±4.06) 1.9 (p 0.02) 1.2(p 0.24) 0.85(p0.60)

Wasps were excluded from the analyses as they have a different trophic behaviour and only three individuals were observed along the
experiment. The conditions created by history of use (natural and improved grasslands) were analyzed independently. The table shows the Chi
square statistic from the analysis of deviance (Type II tests with degrees of freedom associated Chisq1,10 for natural grassland and Chisq1,8
improved grassland) and the probability value (p-value). Below the factors the table shows the family or error distribution (Poisson, negative
binomial or quasi-poisson) and the corresponding dispersion parameter. Bold numbers correspond to significant effects (p-values< 0.05)
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Our experimental approach allowed us to address the
potential effects of the symbioses and grazing through
the litter quality on soil environment. We controlled the
quantity of litter to generate similar conditions in soil
temperature, light and water dynamics with the purpose
to isolate endophyte and grazing legacy effects due to
litter quality. Further experiments should address
whether the effects observed here would have
persisted in the presence of natural differences in litter
quantity generated by grazing. Concerning to feasible
mechanisms, Siegrist et al. (2010) demonstrated that
ergot alkaloids (ergovaline and ergovalinine) do not per-
sist in litter from S. arundinaceus - E. coenophialum
symbiosis. In consequence, they suggested that, at least,
these alkaloids were not involved in effect of endophytes
on decomposition rates. We cannot completely discard
loline alkaloids produced by L. multiflorum -
E. occultans symbiosis and contained in the litter may
also mediate legacy effects . Although secondary com-
pounds have not been measured in litter from endophyte-

infected L. multiflorum plants, for instance, we detected
that it altered the establishment and herbivory of seed-
lings, underlying a hidden ecological role of this symbi-
osis after the host life (Omacini et al. 2009).

The significant interaction among symbiosis, grazing
and number of open flower heads suggested that other
not elucidated mechanisms were involved in the specific
soil legacy which reduced the attraction for visitors
(Wyatt 1982) and potentially, reproductive performance
of thistle plants. We propose that changes in plant nutri-
tional quality as well as in production or quality of
secondary compounds in thistle plants might cause the
observed effects (eg.: Joosten et al. 2009; Hol et al.
2010). Joosten et al. (2009) showed that soil-borne mi-
croorganisms as well as the type of soil influenced on the
composition and quantity of secondary metabolites
produced as defences in aerial and root tissues.
Meanwhile, Hol et al. (2010) found that reduction of rare
soil microbes increased both plant biomass and plant
nutritional quality and in turn, the susceptibility to insect

Fig. 5 Frequency of total visitors, and morphotypes classified
according to honey bees (A. mellifera), other bees, butterflies,
beetles, and flies visiting C. acanthoides flower heads. Wasps were
excluded from the analyses as they have a different trophic behav-
ior and only three individuals were observed along the experiment.
C. acanthoides plants grown in soil from natural grassland subject-
ed to legacy effects of L. multiflorum plants with or without the

symbiosis (E+ vs. E-) and the with or without simulated grazing
(G+ vs. G-) the year before. The combination of symbiosis and
grazing generated four growth conditions for C. acanthoides. The
bars show the average (± standard error). Probability value (p=) are
indicated beside the factors when there was significant effects in the
analysis. We included 19 flowered thistle plants in the analyses
(n: E-G-= 4, E-G+= 5, E+ G-= 4, E+G+= 6)
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herbivores. Note that in these works (Joosten et al. 2009;
Hol et al. 2010), interactions were studied on the same
plant and not on plants growing during the subsequent
generation (i.e.: considering legacy effects).

In addition to the attractiveness generated by the
number of open flower heads, floral visitors, such as
honeybees, possibly respond to changes in the distinc-
tive nectar smell or the presence of other volatile com-
pounds at short distances (Giufa and Núñez 1993). The
results are consistent with previous works suggesting
that visits of honeybees to thistle flower heads are not
random but, they are guided by the nectar reward (Shafir
et al. 1999) or a repellent generated by them once the
flowers were visited and depleted (Giufa and Núñez
1992, 1993; Goulson 1999). For instance, Kostenko
et al. (2012) demonstrated that insect herbivory (above
and belowground) in ragwort (Jacobaea vulgaris,
Asteraceae) greatly influenced the secondary com-
pounds, biomass and aboveground multitrophic interac-
tions of succeeding ragwort plants under controlled

experimental conditions. Although we could not identify
the compounds responsible, changes in the rewards as well
as in the odorous signals are possible mechanisms through
which induced legacy could drive trophic and non-trophic
interactions (i.e.: the reduction in floral visits unexplained
by the number of open flower heads, the flower head
biomass, the or the number of open flower heads at the
end of flowering). Besides, other feasible mechanisms like
the presence of attractive compound with toxic effects to
the insect visits or, the presence of harmful compounds
which were not detected by them can not be rule out. In
consequence, honeybees as well as other bees may visit
other species and eventually influence the ecological suc-
cess of neighbouring species. However, the consequences
of these effects on the structure and dynamics of the
community are more difficult to predict (Ohgushi 2005).

In recent years, it has become clear that not only
antagonistic (Mills and Bever 1998; Callaway and
Ridenour 2004), but also mutualistic interactions (Bais
et al. 2008; Casanova-Katny et al. 2011) between exotic

Fig. 6 Frequency of total visitors, and morphotypes classified
according to honey bees (A. mellifera), other bees, butterflies,
beetles, and flies visiting C. acanthoides flower heads. Wasps were
excluded from the analyses as they have a different trophic behav-
ior and only three individuals were observed along the experiment.
C. acanthoides plants grown in soil from improved grassland
subjected to legacy effects associated with the presence of
L. multiflorum plants with or without the symbiosis (E+ vs. E-)

and the with or without simulated grazing (G+ vs. G-) the year
before. The combination of symbiosis and grazing generated four
growth conditions for C. acanthoides. The bars show the average
(± standard error). Probability value (p=) are indicated beside the
factors when there was significant effects in the analysis. We
included 17 flowered thistle plants in the analyses (n: E-G-= 4, E-
G+= 5, E+G-= 4, E+G+= 4)
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plants and soil community in the new range can drive
the invasion process (but see, Suding et al. 2013). Cur-
rently, annual ryegrass as well as thistle used in our
experimental system, may be considered exotic species
naturalized in Pampean grassland. Although we did not
focus on ecological processes like invasion, our results
suggest that the impact of these invasive species on soil
and aerial communities structures depended on the traits
of the new range that they explored. This was evident as
the impact of the legacy differed critically between the

natural grassland soil with no evidence of legacy effects
and the improved grassland soil with important legacy
on thistle and its floral visitors. These results supported
the idea that systems under intensive management and
disturbance are less fertile, more fragile and susceptible
to changes which spread along generations and multiple
interactions. From these results, we feel encouraged to
go deeper in this field in order to better understand how
plant invasion indirectly affects other communities and
the ecological meaning of this impact.

Table 6 Results of the three mechanistic models for the legacy effects of symbiosis (E+ vs. E-) and grazing (G+ vs. G-) on total visitors and
morphotypes classified according to honey bees (A. mellifera), other bees, butterflies in the conditions created by the improved grassland

Total visits Honey bees Other bees Butterflies

Symbiosis (E) 25.21 (0.000) 12.73 (0.000) 0.00 (0.96) 0.27 (0.60)

Grazing (G) 21.16 (0.000) 8.44 (0.003) 0.21 (0.63) 0.18 (0.67)

Flower head Biomass (B) 0.09 (0.75) 0.02 (0.87) 0.80 (0.36) 1.23 (0.26)

E × G 6.01 (0.01) 3.89 (0.05) 0.42 (0.51) 0.54 (0.45)

E × B 0.41 (0.52) 0.32 (0.56) 0.19 (0.66) 0.71 (0.39)

G × B 1.82 (0.17) 6.00 (0.01) 0.73 (0.39) 0.93 (0.33)

E × G × B 2.07 (0.14) 0.01 (0.89) 0.92 (0.33) 0.88 (0.34)

Model Poisson Poisson quasi-Poisson Neg. Binom

Disp. parameter 3.0 (p 0.002) 0.51 (p 0.84) 2.66 (±1.02) 1.36 (±0.44)

Symbiosis (E) 0.01 (0.93) 0.04 (0.84) 1.83 (0.17) 2.85 (0.09)

Grazing (G) 1.50 (0.22) 0.08 (0.77) 1.13 (0.28) 2.21 (0.13)

Open flower (F) 15.21 (0.000) 13.31 (0.000) 7.39 (0.006) 0.40 (0.52)

E × G 1.92 (0.16) 3.94 (0.04) 2.08 (0.14) 0.00 (0.95)

E × F 0.46 (0.49) 1.51 (0.22) 1.23 (0.26) 0.00 (0.99)

G × F 1.27 (0.26) 5.17 (0.02) 1.81 (0.17) 0.27 (0.60)

E × G × F 11.14 (0.000) 2.54 (0.11) 4.47 (0.03) 2.52 (0.11)

Model Poisson Poisson quasi-Poisson Poisson

Disp. parameter 1.2 (p 0.26) 1.2 (p 0.27) 1.3 (±0.53) 2.1 (p 0.03)

Symbiosis (E) 8.85 (0.002) 6.98 (0.008) 2.07 (0.14) 1.91 (0.16)

Grazing (G) 20.93 (0.000) 9.77 (0.001) 5.17 (0.02) 2.23 (0.13)

Open flower head at end (O) 0.17 (0.67) 0.00 (0.96) 0.30 (0.58) 0.82 (0.36)

E × G 20.10 (0.000) 12.23 (0.000) 9.33 (0.002) 1.40 (0.23)

E × O 1.03 (0.31) 0.24 (0.62) 1.69 (0.19) 0.28 (0.59)

G × O 10.05 (0.001) 7.39 (0.006) 2.32 (0.12) 1.86 (0.17)

E × G × O 4.91 (0.02) 0.53 (0.46) 10.84 (0.000) 1.43 (0.23)

Model Poisson Poisson Poisson Neg. Binom

Disp. parameter 0.69(p 0.69) 0.63 (p 0.74) 1.44 (p 0.17) 1.0 (±0.0007)

This mechanistic models were run for the visits groups with influenced by the symbiosis, the grazing or the interaction between both factors
(See Table 5). The mechanistic factors in the models were flower head biomass (g.thistle plant−1 ), maximum number of open flower heads
and open flower heads at the end of the experiment. Each mechanistic model included the factor and the interactions as predictor in order to
test their importance as a possible mechanism through which the effects may spread (see Fig. 3 y 4). The table shows the Chi square statistic
from the analysis of deviance (Type II tests with degrees of freedom associated Chisq1,10 for natural grassland and Chisq1,8 improved
grassland) and the probability value (p-value). Below the factors the table shows the family or error distribution (Poisson, negative binomial
or quasi-poisson) and the corresponding dispersion parameter. Bold numbers correspond to significant effects (p-values< 0.05)

Plant Soil

Author's personal copy



We conclude that legacy effects induced by grass-
endophyte symbiosis and grazing can mediate trophic
and non-trophic interaction in other subsequent plant
species depending on the history of soil use. This study
shows that specific aboveground interactions between
annual plants, fungal endophyte symbionts and grazers
can even extend beyond a single growth period, empha-
sizing the complexity of ways by which plants interact
in the present and the past and, their consequences. In
particular, annual ryegrass is naturally associated with
E. occultans endophyte and with long history of cattle in
European grasslands and pastures. It is likely that these
simultaneous interactions have a major influence in
shaping these grassland and pastures communities
(Bardgett et al. 1998). Undoubtedly, the observed soil
legacies induced by grazing and symbiosis can play a
role in ecological processes such as succession and
invasion, but tests under more complex conditions are
required. Besides, studies to determine specific com-
pounds or soil organisms involved in the legacies ob-
served are needed. The contribution of this study arises
from connecting simultaneous interactions effects on
soil conditions and their influence on trophic and non-
trophic interactions during the subsequent generations.
Finally, we consider that research projects with a
broader and more complex framework, instead of single
interactions, are an actual opportunity to better under-
stand the rules that structure communities and ecologi-
cal processes.
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