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Abstract

Forage species that escape from rangelands can invade natural grasslands, altering their
composition and functioning. Native plants and wild herbivores may limit exotic species, whereas
domestic herbivores and nutrient enrichment often favour invasion in the short term. However,
the long-term interplay of top-down (herbivores) and bottom-up (nutrients) forces in controlling
forage invasions remains uncertain. We evaluated how cattle grazing exclusion and nutrient
addition influenced the invasion of Festuca arundinacea (tall fescue) in the Flooding Pampa
(Argentina). Using three manipulative experiments spanning almost 30 years (1989-2016), we
studied (i) the effect of cattle exclusion on species composition after invasion and (ii) how
exclusion combined with nutrient enrichment (NPK) affected tall fescue, plant groups, and
diversity. Tall fescue first appeared in 1995, when cattle exclusion still promoted native grasses.
By 2016, it dominated cattle exclosures (>80% cover) but remained scarce in grazed areas (<5%).
Nutrient addition with exclusion increased tall fescue size and competitiveness, reducing native
cover and richness. Declines in richness reflected both a direct negative effect of nutrients and the
indirect effect of tall fescue expansion facilitated by cattle absence. In sum, cattle exclusion
shifted from favoring native grasses to enabling invasive forage dominance, especially under
nutrient enrichment. Long-term interactions between grazing and resources strongly shape
invasion outcomes. Facing increasing forage invasions limited nutrient inputs and domestic

grazing might sustain native plant communities.

Key words: biodiversity, bottom-up control, invasive forage grasses, nutrient addition, Pampa

grassland, plant community structure, tall fescue, top-down control
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INTRODUCTION

In natural ecosystems, plant diversity is increasingly threatened by the invasion of exotic
species, a process influenced by increasing nutrient deposition and livestock pressure (Godfree et al.
2017; Komatsu et al. 2019; Scasta et al. 2015). It is well established that both cattle herbivory (top-
down control) and soil resources (bottom-up control) shape plant community structure, affecting the
relative abundance of native and exotic species in grasslands (Asner et al. 2004; Huston; 2004;
McGranahan et al. 2012; Morgan & Lunt; 1999). However, the introduction of exotic species with
novel traits may alter plant community responses to traditional management practices, such as
grazing regime and fertilization. Forage grasses, selected to withstand grazing and thrive under
nutrient enrichment, tend to outcompete native species in fertilized pastures (Driscoll et al. 2014;
Godfree et al. 2017). Apart from pastures, these species may invade natural grasslands, potentially
disrupting native plant communities and ecosystem dynamics (Scasta et al. 2015; Tognetti &
Chaneton; 2015; Monroe et al. 2016). The extent of forage grass invasions is often underestimated
due to the limitations of short-term, localized surveys (Hoekstra et al. 2005; Hulme et al. 2013) and
the scarcity of long-term descriptive and experimental studies (Strayer 2012; Strayer et al. 2006).
There is a clear knowledge gap in the long-term drivers of forage grasses invasion in natural
grasslands. This knowledge is fundamental to develop management strategies that promote native

plant diversity in modern grassland landscapes.

The effects of herbivory and nutrient on exotic plant species invasion in natural grasslands
are strongly context- dependent (Allen et al. 2021; Parker et al. 2006; Seabloom et al. 2015; Price et
al. 2023). On the one hand, cattle grazing can either promote or limit plant invasion depending on
their consumption preferences for native and exotic species (Donlan et al. 2003; Gross et al. 2015;
Nackley et al. 2017; Parker et al. 2006). For instance, domestic grazing reduces plant invasion when
animals prefer exotic species over natives (Nackley et al. 2017), while their preference for native
species weakens the biotic resistance and foster plant invasion (Chaneton et al. 2002). On the other
hand, an increase in resource availability can trigger invasion (Davis et al. 2000; Tognetti &
Chaneton 2015). This may occur because of competitive balance, but also because the responses of

native and exotic plant species to nutrients would change herbivore preferences (Seabloom et al.
3
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2015). When exotic species are preferred by herbivores, grazing may throw back nutrient addition
effects (Campana & Yahdjian 2021). For example, nitrogen addition promoted native richness by
intensifying grazing on the exotic love grass in an Australian dry grassland (Firn et al. 2010). While
some studies explored the interplay of grazing and nutrient addition in plant communities with native
and exotic species (Seabloom et al. 2015), few lasted long enough to unveil how the long-term

invasion process impact plant community composition.

Community responses to grazing exclusion and nutrient addition are often mediated by the
composition of plant functional groups in the local flora (Chaneton et al. 2002; Firn et al. 2013; Maire
et al. 2012; OIff & Ritchie 1998). These groups can influence both short-term responses and long-
term successional trajectories, especially under the pressure of exotic species that introduce novel
traits into the system (Strayer et al. 2006). For instance, native warm-season grasses have been shown
to resist exotic annuals in Flooding Pampa grasslands (Longo et al. 2013; Perelman et al. 2007).
However, when disturbances reduce biotic resistance —e.g., via grazing or nutrient enrichment—
invasions by exotic forbs or annual grasses can occur (Chaneton et al. 1988; Corbin & D’ Antonio
2004). Despite these insights, it remains unclear how grazing and fertilization interact with the
functional structure of native plant communities in the long term, particularly under the sustained

invasion of forage perennial grasses.

The invasion of forage grasses poses a major threat to biodiversity in temperate grasslands,
one of the least protected biomes globally (Hoekstra et al. 2005; Paruelo et al. 2022). Festuca
arundinacea Schreb. (“tall fescue”; Gibson 2009) is a highly productive forage species that has
invaded grasslands across multiple continents (Scasta et al. 2015; Monroe et al. 2016). Tall fescue
exhibits rapid growth (Maire et al. 2012; Scheneiter & Améndola 2012), reduces native species
richness (Cully et al. 2003; McGranahan et al. 2012), and hinders grassland restoration (Tognetti &
Chaneton 2012; Molina et al. 2021). Although absent from initial floristic surveys of the Flooding
Pampa (Ledn et al. 1979; Sala et al. 1986), this species is now frequent along roadsides and
abandoned fields (Tognetti et al. 2010), suggesting a rapid and ongoing regional expansion
(Scheneiter et al. 2016). In addition to its ecological impact, tall fescue can negatively affect livestock

health due to the presence of endophytic fungi (Gundel et al. 2009), undermining its value as a forage
4
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resource. In this context, it becomes crucial to investigate whether grazing exclusion and soil nutrient
enrichment promote or suppress its spread to design management actions that prevent further

degradation.

Here, we evaluated the long-term (~30 years) effects of cattle grazing exclusion and their
interaction with nutrient addition on the invasion of tall fescue in a native grassland of South America
(Flooding Pampa, Argentina). We also associated tall fescue invasion with changes in plant
community structure and species richness during early-, mid-, and late-stages of invasion. We used
vegetation data from three consecutive experiments spanning ~30 years in the same experimental
site (1989-2016), which provides a real long-term description of the patterns and process of forage
species invasion. We hypothesized that (H1) during early invasion stages (1989-2004), there is a low
incidence of cattle grazing on tall fescue abundance due to low invader frequency (Levine et al.
2004). Then (H2) during mid and advanced invasion stages (2003-2016), tall fescue outcompetes
native grasses and dominates the plant community, but only in the absence of big herbivores (Gross
et al. 2015; Parker et al. 2006). The presence of cattle grazing controls tall fescue spread, and (H3)
overcomes positive nutrient effect on the invader (top-down > bottom-up control (Chesson & Kuang

2008; Campana & Yahdjian 2021).

MATERIALS AND METHODS

Study system

We combined three studies conducted in a natural grassland of the Pampa Region (South America)
in the Pila County, Buenos Aires province, Argentina (36°16’ S, 58°15" W; 15 m.a.s.l.). The site,
never ploughed, sown or fertilized, has been grazed at 0.5 cattle units ha™! for nearly 100 years.
Precipitation peaks in spring and autumn, with a mean annual rainfall during 1979-2016 of 983
mm/yr (inter-annual SD = 177 mm; 1980-2016). Annual rainfall has not shown any significant
temporal trends during this period (Supplementary Fig. S1.a). Mean monthly temperatures range
between 8.2 °C in July and 21.8 °C in January. Soils are Natraquolls with 3.1% organic matter and

varying salinity (Rubio et al. 2019).
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Plant communities are mesophytic prairies, with a rich mix of perennial cool- and warm-
season native grasses and forbs (Perelman et al. 2001; Longo et al. 2013). Apart from the perennial
grass tall fescue, exotic species are mainly annual cool-season grasses and forbs (Chaneton et al.
2002). We identified five main plant functional groups according to plant life form, phenology, and
origin: native warm-season grasses, native cool-season grasses, native forbs, exotic annual grasses,
and exotic forbs. These plant functional types have been studied for their contribution to community
primary productivity, responses to disturbances, and invasion process (Longo et al. 2013; Rusch &
Oesterheld 1997; Sala et al. 1986). Importantly, perennial exotic grasses as tall fescue were not

considered in previous works (but see Molina et al. 2021; Silvoso et al. 2025).

Experimental design and data collection

To study the long-term effects of cattle exclusion and it interaction with nutrient addition on tall
fescue invasion, we analysed data from three consecutive experiments conducted in the same
experimental site (Fig. S1). Experiments spanned early (1989-2004), mid (2003-2016) and late
(2012-2016) tall fescue invasion stages. The response variables were assessed with similar
methodologies in the three experiments established in the same community stands, thus their results
are comparable (Sala et al. 1986; Chaneton et al. 2002; Longo et al. 2013; Molina et al. 2021).
Experiment 1. Grazing exclusion during 1989-2004. To evaluate the impact of cattle exclusion on
community composition and tall fescue abundance during its early invasion stage, we analysed data
from a grazing exclusion experiment (Chaneton et al. 1988; 20022; Fig S1). The experiment
comprised two 0.1 ha permanent plots located in opposing positions inside a 4-ha grazing exclosure
and in the adjacent grazed area. Every summer from 1989 to 2002 (in January, peak of plant richness),
plant-basal cover was measured using four 5 m long linear transects placed randomly in each plot.
The distance between samples in grazed and ungrazed plots ranged from 100 to 250 m and samples
within a given plot were at least 20 m apart (Chaneton et al. 2002). The contacts of each species with
the transect line were summed and transformed to percentage cover.

Experiment 2. Grazing exclusion during 2003-2016. To evaluate grazing exclusion effects on tall

fescue biomass during a mid to late invasion stage, we used six 1000 m exclosures installed in

6
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December 2003 (Fig. S1). Each exclosure was paired spatially with an adjacent grazed area, forming
six blocks that allowed for direct comparison between grazed and ungrazed conditions (Longo et al.
2013). In late summer (March) 0f 2003, 2004, 2005, 2007, 2012 and 2016 we harvested peak biomass
in each plot using one 0.2x1.0 m frame. All rooted plants were cut to 1 cm, sorted by species, and
dried at 62°C until stable weight (see Longo et al. 2013). We estimated species richness as the total
number of species rooted within each frame. Biomass in the grazed areas was not harvested in 2007.
Experiment 3. Grazing exclusion combined with nutrient addition during 2012-2016. To evaluate
the interactive effects of long-term cattle exclusion and nutrient addition on tall fescue expansion,
we established a full factorial experiment of grazing exclusion and fertilization in December 2012.
In each of the six blocks described for Exp. 2, we delimited four plots of 5 x 5 m, two inside and two
outside each exclosure. Plots were separated by at least 10 m from each other and randomly assigned
to control or fertilized treatments (10 g-m?-yr! of Nitrogen, Phosphorous and Potassium +
micronutrients following the Nutrient-Network protocol; Borer et al. 2014). In summer between 2012
and 2016 (December and March), we estimated aerial cover of all plant species rooted in one 1 x 1
m quadrat to the nearest 5% using a modified Daubenmire method (Borer et al. 2014). Plant species
were grouped into five functional groups (see above) and richness was assessed as the total number
of species rooted in the quadrat. In March 2016, we evaluated tall fescue population structure by
counting and measuring the basal diameter of all tall fescue individuals along two 2 m transects in
each plot. Each tiller separated by more than 2 cm from each other was considered an independent

individual (i.e genet; Rolhauser et al. 2007).

Statistical analyses

Tall Fescue Invasion

To describe changes in tall fescue abundance inside and outside exclosures between 1989 and 2004,
we used descriptive statistics (Chaneton et al. 1988), separating early (1989—1992) and late (2001—
2004) periods (Fig. S1). Additionally, we modeled tall fescue biomass from 2003 to 2016 as a
function of time x grazing using a blocked factorial design and linear mixed-effects models (/me
function in the nlme package; Pinheiro & Bates 2000), with blocks (n = 6) treated as random factors

7
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to account for repeated measures. In the last year of the experiment, we analyzed population structure
(plants-m™, plant size, and basal cover) as a function of grazing exclusion X nutrient addition and

performed multiple comparisons using Tukey test.

Changes in community structure

To assess the effects of cattle exclusion on plant community composition from 1989 to 2004, we
conducted a PERMANOVA and non-metric multidimensional scaling (NMDS) using Bray—Curtis
dissimilarity with 1000 permutations (adonis function in vegan; Oksanen, 2017). We focused on the
variance explained by time and grazing in the Year x Species matrix for grazed and ungrazed
transects and visualized plant cover dynamics in the ordination space. We tracked the abundance of
tall fescue and other species in grazed and ungrazed plots using metaMDS and envfit functions in
vegan (Oksanen 2017).

For the period 2012-2016, we evaluated the effects of grazing exclusion and nutrient addition on
functional group cover using mixed-effects models. We modeled the values of plant functional group
cover, which were averaged between December and March to reduce intra-annual variability
(Molina et al. 2023), as a function of grazing exclusion x nutrient addition x time. Blocks and
fertilization nested within grazing were the random effect factors to account for the split-plot and
repeated measures design (Zuur et al. 2009). In the final year, we tested the effects of grazing

exclusion x nutrient addition and applied Tukey test for comparisons.

Changes in species richness

We analyzed total, native, and exotic species richness between 2003 and 2016 using a mixed-effects
model with time x grazing as fixed effects, and blocks (n = 6) as random factors for repeated
measures. For the 2012-2016 period, we modeled richness as a function of grazing exclusion X
nutrient addition x time, following the same random structure. In the final year, we evaluated
treatment effects (grazing exclusion x nutrient addition) and applied Tukey test for multiple
comparisons. Finally, we used structural equation modeling (SEM) to assess the direct and indirect
effects of grazing exclusion and nutrient addition on total plant species richness, considering tall

8



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

fescue and functional group cover as mediators (sem.fit function in piecewiseSEM; Lefcheck 2016).
The SEM accounted for spatial and temporal random structure (split-plot design with repeated
measures; Lefcheck 2016). We started with a saturated model including all possible paths and
simplified it based on AICc and modification indices (Grace 2006; see Appendix SF2). The model
used data from 2014 to 2016, excluding 2012-2013 to minimize early treatment transients.

All statistical analyses were conducted in R version 4.2.2 (R Core Team 2022). When appropriate,
we incorporated covariance structures (e.g., corAR1) and variance heterogeneity (e.g., varldent) to

improve model fit based on AIC criteria (Pinheiro & Bates 2000; Zuur et al. 2009).

RESULTS
Tall fescue invasion
Tall fescue was first registered on the site in 1995, and it was barely recorded until 2004. Between
2003 and 2016, tall fescue biomass increased annually at a higher rate in ungrazed than in grazed
areas (27.4 +/-6.81 grm™2-yr' and 1.14 +/- 4.83 g'm>'yr'! ungrazed than in grazed respectively;
Grazing Exclusion x Time: P<0.01; Supplementary Table S1). By 2016, tall fescue accounted for
45% of total live biomass inside exclosures and less than 5% in grazed areas (Fig. 1a). Total fescue
live biomass was 347 g-m™ inside exclosures (inter annual SD = 208 g'm?) and 245 g'm™ in grazed
plots (inter annual SD = 155 g-m?); standing dead biomass was also significantly (p<0.01) higher
inside the exclosures (Table S1).

Between 2013 and 2016, nutrient addition increased tall fescue cover in cattle-grazed and
exclusion areas (Fig. 1b, Nutrients x Time: P<0.01; Table S2). By 2016, tall fescue reached 100%
cover in fertilized enclosure plots, whereas the cover was nearly 10% and 5% in grazed plots with

and without nutrients added, respectively (Fig. 1b).
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Fig. 1. Changes in tall fescue relative biomass (a) and cover (b) in the experimental plots. Uppercase
letters in each panel indicate significant terms in mixed effects models (G: grazing, N: nutrient addition
and T: time; see Supplementary Tables S1-2). Lowercase letters indicate post-hoc differences in the last
year.

The structure of tall fescue populations differed among treatments, with more and bigger
individuals under cattle exclusion (Fig. 2, Table S3). Density and diameter of tall fescue individuals
were lowest under grazing (Fig. 2a-b), whereas nutrients increased the size of tall fescue individuals
by 4.5 cm-pl”! inside exclosures (Grazing x Nutrients: P=0.017; Fig. 2b). Overall, cattle grazing

exclusion and fertilization independently increased tall fescue basal cover (Fig. 2c¢).
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Community structure
For the period 1989-2004, grazing exclusion was more important than time in affecting plant
community composition (Fig. 3; PERMANOVA: Grazing exclusion R*=0.36, P<001; Time R*=0.19,
P<001; GXT R?=0.05, P=0.021). Ordination distinguished grazing vs. exclosure along the first axis
and time along the second (Fig. 3a). Tall fescue was correlated with time in the community ordination
(r=0.27, P<0.005; Fig. 3b).

Importantly, there was a change in the effect of grazing exclusion with time on plant
community composition (GxT: P=0.021; Fig 3). During the early 1990s, exclosures comprised
mostly cool and warm-season native grass species (i.e., Nassella philipii, Danthonia montevidensis,

Bothriochloa laguroides, Steinchisma hians; lower-right quadrants in Fig. 3, Table S4). Winter

11
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for grazing and exclosure areas, respectively), whereas native summer grasses and forb cover was

higher in grazed areas (Table S4). Since the year 2000, exclosures comprised tall fescue and warm-

season native grasses (e.g. Paspalidum paludivagum, Leersia hexandra, upper-right in Fig. 3). The

cover of native warm-season grasses decreased from 34% to 19% whereas tall fescue increased ten

times (0.24 to 2.2 %) with cattle exclusion (Table S4). Plant richness was ~40% lower inside the

exclosure (Table S4).
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Fig. 3. Non-metrical multidimensional scaling of 1989-2004 grassland plant community composition
(stress=0.145). a) Position of the grazed (G) and ungrazed (U) plots in the ordination space. Grey lines are
year-isoclines, associated with NMDS?2 axis. b) Trends in species abundance along time in ordination

space. Exotic species are underlined; forbs are shown with *. Acronyms: festuc: Festuca arundinacea;

elevir: Eleocharis viridans; lechex: Leersia hexandra; disco: Distychlis scoparia; setpar: Setaria
parviflora; syspla: Sysirinchium platensis; dantho: Danthonia montevidense; bothri: Bothriochloa
laguroides; stehia: Steinchisma hians; nasphi: Nassella philipii; carpha: Carex phalaroides; stenot:
Stenotaphrum secundatum; chaeto: Chaetotropis elongate; pangou: Panicum gouini; setgem: Setaria
geminata; eryech (*); Eryngium echinatum; eryebr (*): E. ebracteatum; leonto (*); Leonthodon
taraxacoides; mentha (*): Mentha pullegium; planta (*): Plantago lanceolata; eclbel (*): Eclypta
belillioides; ambten (*): Ambrosia tenuifolia.
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Between 2012-2016, grazing exclusion and nutrient addition affected the abundance of
native and exotic plant functional groups (Fig .4, Table S2; for tall fescue see Fig. 1). Among natives,
the cover of species warm-season grasses decreased with grazing exclusion, especially under nutrient
addition (Fig. 4a; Grazing x Nutrient x Time P=0.044; Table S2; lower-case letters in Fig. 4a). Native
winter grasses decreased with time independently of nutrient addition (Fig. 4b), whereas native forbs
decreased more in the ungrazed fertilized plots (Fig. 4c, Table S2). Contrarily, grazing exacerbated
the positive effect of nutrient addition on exotic annual grasses and forbs (Fig. 4d-e, Table S2), and
during the last year, annual grasses doubled, and forbs tripled their cover in the grazed and fertilized

plots compared with other treatments.
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Fig. 4. Changes in the cover of native (left panels) and exotic (right panels) plant functional groups in the
grazing exclusion x nutrient addition experiment (Experiment 3) during 2012-2016. a) native summer
grasses; b) native winter grasses; c) native forbs; d) exotic annual grasses; e) exotic forbs. Year 2012
corresponds to pre-fertilization conditions. Uppercase letters indicate significant terms in the mixed effects
models (G: grazing; N: nutrient addition; T: time; see Table S2). Lower-case letters indicate post-hoc
differences at P<0.05 after Tukey test for the last experimental year. Notice the differences in the y-scale.
There were no exotic summer grasses in the region during this period.

Species richness
Between 2003-2016, total plant species richness decreased, especially inside exclosures (Grazing x
Time: P<0.05; Fig. 5a, Table S1). This decrease was steeper for the richness of native than exotic

species (Table S1). Total richness and tall fescue biomass were negatively correlated (Pearson’s r =
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267  -0.526; P<0.01). Between 2012-2016, cattle grazing exclusion reduced total plant species richness
268  (Fig. 5b, Grazing: P=0.04), and the negative effect of nutrient addition on plant richness increased
269  with time (Nutrients x Time: P=0.04). By the end of the experiment, excluding grazers and
270  fertilization reduced plant richness by 11 and 6 species m?, respectively (Grazing: P=0.003;

271  Nutrients, P=0.003; GxN: P=0.386).
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Fig. 5. Changes in plant species richness in grazing exclusion during 2003-2016 (a) and the grazing
exclusion x nutrient addition experiment (b). (a.1) Native plant species richness; (a.2) exotic plant species
richness. Uppercase letters in each panel indicate significant terms in mixed effects models (G: grazing, and
T: time; see Supplementary Table S2). In (b), year 2012 corresponds to pre-fertilization experiment. Upper
case letters indicate significant terms in the mixed effects models (G: grazing; N: nutrient addition; T: time;
see Supplementary Table S1).

272

273 For the period 2013-2016, direct and indirect effects of grazing exclusion and nutrient
274  addition explained 83% of the variance in tall fescue cover and in plant richness (Fisher’s C=1.01,
275 df=4, P<0.908; Fig. 6; Table S5-6). Grazing exclusion, alone and combined with nutrient addition,
276  increased tall fescue cover (Fig. 6, Table S5-6), which negatively affected the abundance of the other
277  functional groups and total plant species richness (coef. = -0.85, P<0.006; Table S5). Nutrient
278  addition increased the cover of exotic forbs and grasses. There was a direct, negative effect of nutrient
279  addition on species richness (coef. = -0.65). Finally, all native plant functional groups were
280  negatively affected by tall fescue cover, whereas only native forbs exerted a positive effect on plant

281  richness (coef. = 0.18, Tables S5-6).
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Fig. 6. Structural equation model for the effects of grazing exclusion (Graz. Excl.) and nutrient addition
(Nutr. Add.) on total plant species richness through the cover plan functional groups (exotic grasses (EG),
exotic forbs (EF), tall fescue (FST), native warm-season grasses (NW), native cool-season grasses (NC),
and native forbs (NF). Green are positive and red are negative standardized coefficients and arrow widths
indicate their relative strength. Central boxes with dotted and solid lines represent exotic and native plant
cover, respectively. Curved lines indicate correlation («») and straight arrows regressions (—) paths.

DISCUSSION

Our long-term study clearly links how changes in land use, associated with alterations of cattle
grazing regimes and in soil nutrients, can drastically alter the effects of herbivore exclusion on plant
communities, ultimately favouring the invasion of the exotic forage grass Festuca arundinacea. .
Over three decades, cattle exclusion shifted from promoting native grass species and reducing the
cover of annual exotic forbs, to fostering the dominance of a highly competitive perennial species.
This effect was amplified by nutrient addition, which further increased the invader’s abundance while
reducing the cover of other native functional groups and total species richness. Although nutrient
addition had a direct negative effect on richness, much of this decline was explained by the increase
of tall fescue under cattle exclusion. These findings challenge the traditional view that grazing
exclusion is an effective conservation strategy for controlling plant invasion and maintaining

biodiversity in temperate grasslands.
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Our results contrast with earlier work at the same site, where short-term cattle exclusion
increased native grasses and reduced exotic species (Sala et al. 1986; Chaneton et al. 1988, 2002;
Rush & Oesterheld, 1997). They also challenge the prevailing expectation that removing native or
domestic herbivores generally benefits native species (Parker et al. 2006). This discrepancy arises
because short- and long-term dynamics differ; early in the invasion, native species were not strongly
affected, but over time, grazing exclusion allowed ta/! fescue to competitively displace native grasses
and forbs. Such temporal shifts reflect cumulative processes, where local plant—plant and plant—
animal interactions interact with regional drivers—such as changes in the species pool and land-use
legacies—to alter successional trajectories (MacDougall & Turkington, 2005; Seastedt & Pysek,
2011). At the regional scale, fall fescue now dominates roadsides over more than 200,000 km? in
central Argentina (Scheneiter et al. 2016), indicating a strong dispersal source that can feed local
invasions. Our experiments reveal how reduced herbivory, combined with nutrient enrichment,
facilitates the establishment and dominance of this widespread invader. This outcome can only
becomes apparent through long-term monitoring, which captures shifts in the regional species pool
and their cascading effects on local community composition (Levine et al. 2004; Shea & Chesson,
2002; Strayer et al. 2006).

Exotic domestic grazers can promote exotic plant invasion (Parker et al. 2006; Perelman et
al. 2007), but our results suggest that they limit exotic forage grass invasion in the long-term.
Compared to grazed conditions, cattle exclusion increased the size and density of tall fescue
individuals, enhancing its competitive ability and progressively displacing native grasses and forbs
(tall fescue size and basal cover correlation with its biomass: r=0.78 and r=0.77, respectively; P<0.01,
n=24). Thus, an increase in tall fescue biomass may strengthen competitive hierarchies and
eventually outcompete native grasses when it is out of the control of cattle herbivory (Graff et al.
2020; Silvoso et al. 2025). Under certain circumstances, trade-offs between herbivory susceptibility
and the strength of plant-plant competitive interactions can be similar for native and exotic species
(Gross et al. 2015). However, these may change if exotic plant species fill winter productivity gaps
left by native grasses thus being more consumed by livestock, as is the case for exotic forage species

in the Pampas (Gibson 2009; Perelman et al. 2007). Our work supports the idea that when exotic
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species occupy early (i.e., ruderals) and late (i.e., competitive dominants) successional niches
(Martinez et al. 2015), the disturbance-succession management may no longer be suitable for the
recovery of native plant species in rangelands (Briske 2017). In turn, this change in grazing exclusion
effect on native and exotic species poses a challenge for conservation strategies in productive natural
grasslands.

Exotic species may capitalize the increase in soil resources (Davis et al. 2000; Huston, 2004;
Tognetti & Chaneton, 2015), but their interactive outcome combined with herbivory has been less
clear (Li et al. 2022). We observed that nutrient addition amplified cattle exclusion increases on tall
fescue, but also exotic annual grasses and forbs augmented with nutrient addition under grazing
conditions (e.g., grasses: Lolium multiflorum, Gaudinia fragilis; forbs: Lotus spp.; Longo et al. 2013).
This agrees with previous evidence showing differential responses to nutrient availability of native
and exotic plant functional groups under different disturbance regimes (Tognetti & Chaneton, 2015;
Seabloom et al. 2015). Grazers may equalize competitive interactions between native and exotic
plants (MacDougall et al. 2009), but the control attained by herbivores on the invader (i.e., predators
reducing fitness differences; top-down control) can compensate for or overcome the positive effect
of nutrient addition (i.e., resources enhancing fitness differences; bottom-up control; Chesson &
Kuang 2008). We found that under grazing conditions, the positive effect of nutrient addition on tall
fescue has not overcome the negative effect of grazing. Herbivores can consume more plant biomass
on fertilized plots and increase grazing pressure on exotic species (Firn et al. 2010, but see Borer et
al. 2021), exacerbating nutrient effects against exotic species (Campana & Yahdjian 2021).
Importantly, this reinforces that interactive top-down and bottom-up mechanisms regulate
community structure and plant species invasion in natural grasslands.

Nutrient addition reduced species richness through both direct and indirect pathways.
Indirectly, fertilization increased tall fescue dominance in ungrazed plots, likely reducing light
availability and other resources for native species (Molina et al. 2021; Campana et al. 2022; Eskelian
et al. 2022). Directly, nutrient enrichment may have removed competitive trade-offs that help
maintain coexistence in these communities (Harpole et al. 2016). In our study, nutrient and grazing

effects on richness were largely independent, with no evidence that herbivores offset nutrient-driven
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declines in species richness (Borer et al. 2014; Molina et al. 2021). However, nutrients and grazing
interacted in shaping the abundance of native and exotic functional groups, suggesting that
community structure and diversity respond to different ecological scales and mechanisms. This
decoupling highlights a challenging conservation scenario in which nutrient deposition
simultaneously promotes invasion and erodes native diversity (Seabloom et al. 2015).

Excluding cattle grazing was ineffective for native species recovery, stressing novel
processes involved in the persistence and abundance of native and exotic species (Firn et al. 2013;
Funk et al. 2008; Lunt et al. 2007). Cattle removal may be considered a conservation strategy to
reduce the abundance of exotic annual grasses and forbs under some scenarios (Chaneton et al. 2002;
Donlan et al. 2003). However, our long-term monitoring evidenced that a formerly plausible
management action may now jeopardize native plant species richness by promoting the invasion of
highly competitive perennial forage species. In Pampa grasslands, native warm-season grasses are
more important than native cool-season grasses (Longo et al. 2013; Perelman et al. 2007), which
results in the fact that most invaders are cool-season annual species (Chaneton et al. 2002; Perelman
et al. 2007; Wolkovich and Cleland 2011). Instead of excluding grazing, overlapping grazers’ forage
demand with the susceptible period for exotic plant species might be a criterion to managing
grasslands while limiting invasion (Firn et al. 2013; Perelman et al. 2007). Thus, invaded sites can
be grazed or hayed in specific periods during the year under an adaptive management framework
(Bakker et al. 2017; Lunt et al. 2007).

In conclusion, complementary experiments lasting three decades showed that cattle grazing
exclusion followed by increases in soil nutrients fostered tall fescue invasion, reduced the abundance
of native grasses and forbs, and declined plant species richness. Long term monitoring permitted to
observe a shift in the effect of grazing on exotic plants and to understand the factors controlling the
expansion and impacts of a hazardous forage species in natural grasslands. Apart from warning about
the use of exotic plant species as forage for domestic grazers due to their long-lasting negative effect
on grasslands (Driscoll et al. 2014), our study stresses the importance that domestic grazers may have

as a management player for modern landscapes (Pillar & Overbeck 2025). For rangelands to persist
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as reserves of grassland biodiversity, new management strategies should balance native over exotic

forage resources as part of productive schemes.

REFERENCES

Allen, W.J., Waller, L.P., Barratt, B.I.P. et al. Exotic plants accumulate and share herbivores yet
dominate communities via rapid growth. Nat Commun 12, 2696 (2021).
https://doi.org/10.1038/s41467-021-23030-1

Asner, G.P., Elmore, A.J., Olander, L.P., Martin, R.E., & Harris, A.T. (2004). Grazing Sys-tems,
Ecosystem Responses, and Global Change. Annual Review of Environment and Resources, 29(1),
261-299. doi:10.1146/annurev.energy.29.062403.102142

Bakker, J. D., Delvin, E. G., & Dunwiddie, P. W. (2018). Staged-scale restoration: Refining adaptive
management to improve restoration effectiveness. Journal of Applied Ecology, 55(3), 1126-1132.
https://doi.org/10.1111/1365-2664.13050

Borer, E. T., Harpole, W. S., Adler, P. B., Armillas, C. A., Bugalho, M. N., Cadotte, M. W., ... &
Seabloom, E. W. (2020). Nutrients cause grassland biomass to outpace herbivory. Nature
communications, 11(1), 6036. https://doi.org/10.1038/s41467-020-19870-y

Borer, E.T., Seabloom, E.W., Gruner, D.S., Harpole, W.S.,...Yang, L.H. (2014). Herbi-vores and
nutrients control grassland plant diversity via light limitation. Nature, 508(7497), 517-520.
doi:10.1038/mature13144

Briske, D. D. (2017). Rangeland systems: processes, management and challenges (p. 661). Springer
Nature. https://doi.org/10.1007/978-3-319-46709-2

Campana, S., & Yahdjian, L. (2021). Plant quality and primary productivity modulate plant biomass
responses to the joint effects of grazing and fertilization in a mesic grassland. Applied Vegetation
Science, 24(2), e12588. https://doi.org/10.1111/avsc.12588

Campana, S., Tognetti, P. M., & Yahdjian, L. (2022). Livestock exclusion reduces the temporal
stability of grassland productivity regardless of eutrophication. Science of the Total Environment,

817, 152707. https://doi.org/10.1016/j.scitotenv.2021.152707

20



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

Chaneton, E.J., Facelli, JM., & Leon, R.J.C. (1988). Floristic Changes Induced by Flooding on
Grazed and Ungrazed Lowland Grasslands in Argentina. Journal of Range Man-agement, 41(6),
495. doi:10.2307/3899525

Chaneton, E.J., Perelman, S.B., Omacini, M., & Leon, R. (2002). Grazing, environmental
heretogeinity, and alien invasions in temperate Pampa grasslands. Biological Invasions, 4(1-2),
7-24.

Chesson, P., & Kuang, J.J. (2008). The interaction between predation and competition. Na-ture,
456(7219), 235-238. doi:10.1038/nature07248

Corbin, J.D., & D’Antonio, C.M. (2004). Competition between native perenial and exotic annual
grasses:implications for an historical invasion. Ecology, 85(5), 1273-1283. doi:10.1890/02-0744

Cully, A.C., Cully, J.F., & Hiebert, R. (2003). Invasion of Exotic Plant Species in Tallgrass Prairie
Fragments. Conservation Biology, 17(4), 990-998. doi:10.1046/.1523-1739.2003.02107.x

Davis, M.A., Grime, J.P., & Thompson, K. (2000). Fluctuating resources in plant communi-ties: a
general theory of invasibility. Journal of Ecology, 88(3), 528-534. doi:10.1046/j.1365-
2745.2000.00473.x

Donlan, C.J., Croll, D.A., & Tershy, B.R. (2003). Islands , Exotic Herbivores , and Invasive Plants :
Their Roles in Coastal California Restoration, 11(4), 524-530. https://doi.org/10.1046/j.1526-
100X.2003.rec0259.x

Driscoll, D.A., Catford, J.A., Barney, J.N., ... Visser, V. (2014). New pasture plants inten-sify
invasive species risk. Proceedings of the National Academy of Sciences, 111(46), 16622—-16627.
doi:10.1073/pnas.1409347111

Fargione, J., & Tilman, D. (2005). Niche differences in phenology and rooting depth pro-mote
coexistence with a dominant C4bunchgrass. Oecologia, 143(4), 598-606. doi:10.1007/s00442-
005-0010-y

Firn, J., House, A., & Buckley, Y.M. (2010). Alternative states models provide an effective
framework for invasive species control and restoration of native communities. Journal of Applied

Ecology, 47(1), 96-105. doi:10.1111/j.1365-2664.2009.01741.x

21



432

433

434

435

436

437

438

439

440

441

4472

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

Firn, J., Price, J. N., & Whalley, R. D. (2013). Using strategically applied grazing to manage invasive
alien plants in novel grasslands. Ecological Processes, 2(1), 26. doi:10.1186/2192-1709-2-26
Funk, J.L., Cleland, E.E., Suding, K.N., & Zavaleta, E.S. (2008). Restoration through reas-sembly:
plant traits and invasion resistance. Trends in Ecology & Evolution, 23(12), 695-703.
doi:10.1016/j.tree.2008.07.013

Gibson, D. J. (2009). Grasses and grassland ecology. Oxford University Press.
https://doi.org/10.1093/0s0/9780198529187.001.0001

Godfree, R., Firn, J., Johnson, S., Knerr, N., Stol, J., & Doerr, V. (2017). Why non-native grasses
pose a critical emerging threat to biodiversity conservation, habitat connectivity and agricultural
production in multifunctional rural landscapes. Landscape Ecology, 32(6), 1219-1242.
doi:10.1007/s10980-017-0516-9

Grace, J. B. (2006). Structural equation modeling and natural systems. Cambridge University Press.

Graff, P., Gundel, P. E., Salvat, A., Cristos, D., & Chaneton, E. J. (2020). Protection offered by leaf
fungal endophytes to an invasive species against native herbivores depends on soil nutrients.
Journal of Ecology, 108(4), 1592-1604. https://doi.org/10.1111/1365-2745.13371

Gross, N., Liancourt, P., Butters, R., Duncan, R., & Hulme, P.E. (2015). Functional equiva-lence,
competitive hierarchy and facilitation determine species coexistence in highly in-vaded
grasslands. New Phytologist, 206(1), 175-186. doi:10.1111/nph.13168

Gundel, P.E., Garibaldi, L.A., Tognetti, P.M. et al. 2009. Imperfect Vertical Transmission of the
Endophyte Neotyphodium in Exotic Grasses in Grasslands of the Flooding Pampa. Microb Ecol
57, 740-748 (2009). https://doi.org/10.1007/s00248-008-9447-y

Harpole, W., Sullivan, L., Lind, E. et al. 2016. Addition of multiple limiting resources reduces
grassland diversity. Nature 537, 93-96. https://doi.org/10.1038/nature 19324

Hoekstra, J.M., Boucher, T., Ricketts, T.H., & Roberts, C. (2005). Confronting a biome crisis: Global
disparities of habitat loss and protection. Ecology Letters, 8(1), 23-29. doi:10.1111/j.1461-

0248.2004.00686.x

22



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

Hulme, P.E., Pysek, P., Jarosik, V., Pergl, J., Schaffner, U., & Vila, M. (2013). Bias and error in
understanding plant invasion impacts. Trends in Ecology and Evolution, 28(4), 212-218.
doi:10.1016/j.tree.2012.10.010

Huston, M.A. (2004). Management strategies for plant invasions: manipulating productivity,
disurbance and competition. Diversity and Distributions, 10(3), 167-178. doi:10.1111/.1366-
9516.2004.00083.x

Koerner, S.E., Smith, M. D., Burkepile, D.E., Hanan, N.P.,... Zelikova, T.J. (2018). Change in
dominance determines herbivore effects on plant biodiversity. Nature Ecology and Evolution.
doi:10.1038/s41559-018-0696-y

Komatsu, K.J., Avolio, M.L., Lemoine, N.P., Isbell, F., ... Yu, Q. (2019). Global change effects on
plant communities are magnified by time and the number of global change factors imposed, 1-7.
doi:10.1073/pnas.1819027116

Lefcheck, J.S. (2016). piecewiseSEM: Piecewise structural equation modelling in r for ecol-ogy,
evolution, and systematics. Methods in Ecology and Evolution, 7(5), 573-579. doi:10.1111/2041-
210X.12512

Leon, R. J. C., Burkart, S. y C. Movia. 1979. Relevamiento fitosociologico del pastizal del norte de
la depresion del Salado. Serie Fitogeografica 17:90pp. INTA .Buenos Aires.

Levine, J.M., Adler, P. B., & Yelenik, S. G. (2004). A meta-analysis of biotic resistance to exotic
plant invasions. Ecology Letters. doi:10.1111/.1461-0248.2004.00657.x

Li, Y., Gao, Y., van Kleunen, M., & Liu, Y. (2022). Herbivory may mediate the effects of nutrients
on the dominance of alien plants. Functional Ecology, 36(5), 1292-1302.
https://doi.org/10.1111/1365-2435.14019

Longo, G., Seidler, T.G., Garibaldi, L.A., Tognetti, P.M., & Chaneton, E. J. (2013). Func-tional
group dominance and identity effects influence the magnitude of grassland inva-sion. Journal of
Ecology, 101(5), 1114-1124. doi:10.1111/1365-2745.12128

Lunt, 1.D., Eldridge, D.J., Morgan, J.W., & Witt, G.B. (2007). A framework to predict the effects of
livestock grazing and grazing exclusion on conservation values in natural eco-systems in
Australia. Australian Journal of Botany, 55(4), 401-415. doi:10.1071/BT06178

23



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

MacDougall, A.S., & Turkington, R. (2005). Are Invasive Species the Drivers or Passen-gers of
Change in Degraded Ecosystems? Ecology, 86(1), 42—55. doi:10.1890/04-0669

MacDougall, A.S., Gilbert, B., & Levine, J.M. (2009). Plant invasions and the niche. Jour-nal of
Ecology, 97(4), 609-615. doi:10.1111/j.1365-2745.2009.01514.x

MacDougall, A. S., Gilbert, B., & Levine, J. M. (2009). Plant invasions and the niche. Journal of
Ecology, 97(4), 609-615. https://doi.org/10.1111/j.1365-2745.2009.01514.x

Maire, V., Gross, N., Borger, L., Proulx, R., Wirth, C.,...Louault, F. (2012). Habitat filter-ing and
niche differentiation jointly explain species relative abundance within grassland communities
along fertility and disturbance gradients. New Phytologist, 196(2), 497-509. doi:10.1111/j.1469-
8137.2012.04287.x

Martinez, K.A., Gibson, D.J., & Middleton, B.A. (2015). Core-satellite species hypothesis and native
versus exotic species in secondary succession, 419—427. doi:10.1007/s11258-015-0446-z

McGranahan, D.A., Engle, D.M., Wilsey, B.J., Fuhlendorf, S.D., Miller, J.R., & Debinski, D.M.
(2012). Grazing and an invasive grass confound spatial pattern of exotic and na-tive grassland
plant  species  richness. Basic and  Applied Ecology, 13(8), 654662,
doi:10.1016/j.baae.2012.09.011

Molina, C. D., Tognetti, P. M., Graff, P., & Chaneton, E. J. (2021). Mowing does not redress the
negative effect of nutrient addition on alpha and beta diversity in a temperate grassland. Journal
of Ecology, 109(3), 1501-1510. https://doi.org/10.1111/1365-2745.13573

Monroe, A.P., Hill, J.G., & Martin, J.A. (2016). Spread of exotic grass in grazed native grass pastures
and responses of insect communities. Restoration Ecology, 25(4), 539-548.
doi:10.1111/rec.12472

Morgan, J.W., & Lunt, L.D. (1999). Effects of time-since-fire on the tussock dynamics of a dominant
grass (Themeda triandra) in a temperate Australian grassland. Biological Con-servation, 88(3),
379-386. doi:10.1016/S0006-3207(98)00112-8

Nackley, L.L., West, A.G., Skowno, A.L., & Bond, W.J. (2017). The Nebulous Ecology of Native
Invasions. Trends in Ecology & Evolution, 32(11), 814-824. d0i:10.1016/j.tree.2017.08.003

Oksanen, J. (2017). Vegan : an introduction to ordination, 1-12.

24



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

OIff, H., & Ritchie, M. E. (1998). Effects of herbivores on grassland plant diversity. Trends in
ecology & evolution, 13(7), 261-265. https://doi.org/10.1016/S0169-5347(98)01364-0

Parker, J.D., Burkepile, D.E., & Hay, M.E. (2006). Opposing Effects of Native and Exotic. Science,
311(March), 1459-1461. doi:10.1126/science.1121407

Paruelo, J., Oesterheld, M., Altesor, A., Pifieiro, G., Rodriguez, C., Baldassini, P., ... & Pillar, V. D.
(2022). Grazers and fires: Their role in shaping the structure and functioning of the Rio de la Plata
Grasslands.

Perelman, S. B., Chaneton, E. J., Batista, W. B., Burkart, S. E., & Leon, R. (2007). Habitat stress,
species pool size and biotic resistance influence exotic plant richness in the Flooding Pampa
grasslands. Journal of Ecology, 95(4), 662—673. doi:10.1111/j.1365-2745.2007.01255.x

Perelman, S.B., Ledn, R., & Oesterheld, M. (2001). Cross-scale vegetation patterns of Flooding
Pampa grasslands. Journal of Ecology, 89(4), 562—577. doi:10.1046/j.0022-0477.2001.00579.x

Pillar, V. D., & Overbeck, G. E. 2025. Grazing can reduce wildfire risk amid climate change. Science,
3876730, eadu7471. https://doi.org/10.1126/science.adu7471

Pinheiro, J.C., & Bates, D.M. (2000). Mixed-Effects Models in S and S-PLUS, 537.

Price, J. N., Sitters, J., Ohlert, T., Tognetti, P. M., Brown, C. S., Seabloom, E. W., ... & Wardle, G.
M. (2022). Evolutionary history of grazing and resources determine herbivore exclusion effects
on plant diversity. Nature Ecology & Evolution, 6(9), 1290-1298. https://doi.org/10.1038/s41559-
022-01809-9

R Core Team (2022). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Riginos, C., Porensky, L.M., Veblen, K.E., Odadi, W.O., Sensenig, R.L., Kimuyu, D., ... Young,
T.P. (2012). Lessons on the relationship between livestock husbandry and bio-diversity from the
Kenya Long-term Exclosure Experiment (KLEE). Pastoralism: Re-search, Policy and Practice,
2(1), 10. doi:10.1186/2041-7136-2-10

Rubio, G., Lavado, R. S., & Pereyra, F. X. (Eds.). (2018). The soils of Argentina. Springer.

https://doi.org/10.1007/978-3-319-76853-3

25



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

Rusch, G.M., & Oesterheld, M. (1997). Relationship between productivity, and species and
functional group diversity in grazed and non-grazed Pampas grassland. Oikos, 78(3), 519-526.
Retrieved from https://www.jstor.org/stable/3545613

Sala, O., Oesterheld, M., Ledn, R., & Soriano, A. (1986). Grazing effects upon plant com-munity
structure  in  subhumid grasslands of  Argentina. Vegetatio, 67(1), 27-32.
doi:10.1007/BF00040315

Scasta, J.D., Engle, D.M., Fuhlendorf, S.D., & Bidwell, T.G. (2015). Meta-Analysis of Ex-otic
Forages as Invasive Plants in Complex Multi-Functioning Landscapes. Invasive Plant Science
and Management, 8(3), 292-306. doi:10.1614/ipsm-d-14-00076.1

Scheneiter, O., & Améndola, C. (2012). Tiller demography in tall fescue (Festuca arundina-cea)
swards as influenced by nitrogen fertilization, sowing method and grazing man-agement. Grass
and Forage Science, 67(3), 426—436. doi:10.1111/.1365-2494.2012.00861.x

Scheneiter, O., Kaufmann, 1., Ferreyra, A.R., & Améndola, C. (2016). The herbage produc-tivity of
tall fescue in the Pampas region of Argentina is correlated to its ecological niche. Grass and
Forage Science, 71(3), 403—412. doi:10.1111/gfs.12184

Seabloom, E.W., Borer, E.T., Buckley, Y M., Cleland, E.E., Davies, K.F.,...Yang, L. (2015). Plant
species’ origin predicts dominance and response to nutrient enrichment and herbivores in global
grasslands. Nature Communications, 6(December), 7710. doi:10.1038/ncomms8710

Seastedt, T.R., & Pysek, P. (2011). Mechanisms of Plant Invasions of North American and European
Grasslands. Annual Review of Ecology, Evolution, and Systematics, 42(1), 133-153.
doi:10.1146/annurev-ecolsys-102710-145057

Shea, K., & Chesson, P. (2002). Community ecology theory as a framework for biological invasions.
Trends in Ecology & Evolution, 17(4), 170-176.

Silvoso, M. C., Tognetti, P. M., Armas, C., Casanoves, F., & Graff, P. (2025). Shrunk coexistence:
cattle exclusion and nutrient addition intensify competition between native and exotic grasses
with low phenological overlap. Oikos, e11211. https://doi.org/10.1002/0ik.11211

Strayer, D.L. (2012). Eight questions about invasions and ecosystem functioning. Ecology Letters,
15(10), 1199-1210. doi:10.1111/5.1461-0248.2012.01817.x

26



569

570

571

572

573

574

575

576

577

578

579

580

581

582

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

Strayer, D.L., Eviner, V.T., Jeschke, J. M., & Pace, M. L. (2006). Understanding the long-term
effects of species invasions. Trends in Ecology and Evolution, 21(11), 645-651.
doi:10.1016/j.tree.2006.07.007

Tognetti, P.M., & Chaneton, E.J. (2012). Invasive exotic grasses and seed arrival limit native species
establishment in an old-field grassland succession. Biological Invasions, 14(12), 2531-2544.
doi:10.1007/s10530-012-0249-2

Tognetti, P.M., & Chaneton, E.J. (2015). Community disassembly and invasion of remnant native
grasslands under fluctuating resource supply. Journal of Applied Ecology, 52(1), 119-128.
doi:10.1111/1365-2664.12349

Wolkovich, E.M., & Cleland, E.E. (2011). The phenology of plant invasions: A community ecology
perspective. Frontiers in Ecology and the Environment. doi:10.1890/100033

Zuur, A.F., Ieno, E. N., Walker, N. J., Smith, G. M., ... Ebooks Corporation. (2009). Mixed Effects
Models and Extensions in Ecology with R. Statistics for Biology and Health. New York, NY:

Springer New York. doi:10.1007/978-0-387-87458-6

Statements & Declarations

Funding

This work was funded by Agencia Nacional de Promocion Cientifica y Tecnologica
(PICT-2014-1109 to PMT), Universidad de Buenos Aires (UBACyT-2014-2017-
20020130100695BA, UBACyT-2014-2017-20020130100423BA) and CONICET (PIP-
112-2015-0100709).

Competing Interests
The authors declare that they have no competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper

Author Contributions

All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by all authors and coordinated by PMT. The first
draft of the manuscript was written by PMT and all authors commented on previous

versions of the manuscript. All authors read and approved of the final manuscript. Dr.

27



600
601
602
603
604
605
606
607
608
609
610
611

Enrique Chaneton, deceased in 2019, participated in early stages of this study.

Acknowledgements

Dedicated to the memory of Profs. Rolando Ledn and Enrique Chaneton, who dedicated
their lives to the study of these grasslands. We thank to the Bordeu family and rangers
from Estancia “Las Chilcas” and to Marina Omacini, Cecilia Molina, Celeste Silvoso, and
Caterina Cimolai who helped in the field. Dr. Martin Oesterheld suggested valuable

comments.
Data Availability Statement

All the authors agree to upload the original datasets to a repository with DOI or permanent

URL. Meanwhile, datasets are available from the corresponding author.

28



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e TOGNETTISUPPLEMENTARYINFORMATION202508.pdf


https://assets-eu.researchsquare.com/files/rs-7389210/v1/5faa3b9d74bb9a913b1260ac.pdf

