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Abstract: Disturbances are important drivers in natural ecosystems, affecting the vegetation structure and functioning. Invasions
of exotic plant species are often associated to disturbances in a complex manner, because they depend on the type, intensity,
spatial and temporal arrangement of disturbances, and the particular abiotic and biotic context. Field studies that evaluate the dy-
namics of plant invasions under different disturbance regimes have a great importance for the understanding of the disturbance
effects on invasion spread. In this work we evaluated, through a field manipulative experiment, the early colonization and expan-
sion dynamics of an aggressive invader of grasslands, Hieracium pilosella L., under two disturbance types. We used a split-plot
experiment by crossing three levels for a local, sporadic, of increasing intensity disturbance [i.e., 1- undisturbed, 2- vegetation
mowing, and 3- ploughing], within two levels for an extensive and chronic disturbance (i.e., grazed and ungrazed). In the range
of intensities of disturbance evaluated, the intermediate intensity (i.e., mowing) accelerated the colonization when it is grazed
and the expansion of H. pilosella in ungrazed condition. In contrast, lower and higher intensity disturbances, such as ungrazed
and ploughing treatments decelerated both invasion processes. Changes in resource availability, interspecific competition and
particular characteristics of the invader, i.e., high light requirements, prostrate growth and the presence of stolons, could explain

these early invasion patterns.

Introduction

Disturbances are key drivers in natural ecosystems, be-
cause they can and maintain the species diversity by gener-
ating spatio-temporal heterogeneity in resources (Hobbs and
Huenneke 1992, White and Jentsch 2001). Responses of the
biotic community to disturbances may be very variable due in
part to the spatial and temporal characteristics of the distur-
bance events, their intensity and fluctuations (Catford et al.
2012). Disturbances can be characterized by their duration,
frequency, intensity, timing and spatial or temporal variability
(Hobbs and Huenneke 1992). Among the different types of
disturbances on plant communities, the herbivory by domestic
ungulates can be considered as a chronic disturbance of rela-
tively low intensity level, especially on well adapted grass-
lands (Vavra et al. 2007). Domestic grazing, in other way, has
very complex effects on vegetation and depends mainly on
the stocking rate (Hobbs and Huenneke 1992, Milchunas and
Lauenroth 1993, Ferraro and Oesterheld 2002). Grazing can
favor low height and prostrate species by grazing avoiding
(Milchunas and Lauenroth 1993), and stoloniferous species
because in dense and high sward of ungrazed vegetation, the
stolons become suspended above the ground, impeding that
they reach the soil and rooting (Belsky 1992).

Invasion of exotic plant species are often positively as-
sociated to different types of disturbances, such as grazing,
fires and flooding (Catford et al. 2012, Hobbs and Huenneke
1992). On one hand, disturbances may favor plant invasions
probably by competition reduction, transient increase of
nutrients, enhanced secondary seed dispersal (Hobbs 1989,
Hobbs and Huenneke 1992, Jesson et al. 2000, White and
Jentsch 2001), and by disrupting the original community and
trophic structure (McCann 2007). On the other hand, several
results suggest that domestic grazing can facilitate exotic in-
vasion by selective feeding behavior, herbivory adaptations
(Augustine and McNaughton 1998, Mclntyre and Lavorel
1994), trampling, seeds dissemination or changes in fire inten-
sity (Fleischner 1994, Rogstad et al. 2009, Vavra et al. 2007).

Studies that deal with the effects of different types of
disturbances on invasion success generally evaluate the state
of the vegetation — and the invasion — at a certain moment
of time after disturbance events. Even though some theo-
retical models were proposed (Pausas et al. 2006, Spence
et al. 2011), the dynamic of invasion through the time after
disturbances remains almost unexplored, despite that dis-
turbance effects on native vegetation dynamic have been
largely studied in several ecosystems (Jentsch 2001, Laska
2001, Linderman et al. 2006). There might be thought that the
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dynamics of invasion is equivalent to the native vegetation
dynamic, because an invasion can be considered a large-scale
natural event where any species grows and expands (Higgins
and Richardson 1996). Nevertheless, there are evidences that
disturbances can favor the abundance and performance of the
invasive plant species in a novel environment with respect
to its native range by escaping from specific soil pathogens
(Hierro et al. 2006), or by a previous better adaptation to an-
thropogenic disturbances (Kowarik 2008). Furthermore, the
success of an invasion event seems to be dependent of a lot of
factors interacting in a complex manner, and the invasibility
of a site would be a property that fluctuates also along time
(Renne et al. 2006). Hence, a comprehensive evaluation of
the effects of different types of disturbances on early invasion
dynamic considering both the particular traits of the invader
and characteristics of the abiotic context (e.g. different types
of disturbances), could help to understand the community
ecology and the underlying mechanisms behind an invasion
event. Even more, there is important an evaluation of how
an only one-time disturbance could affect invasive processes,
because it would be enough to break the barrier to invaders
spread, promoting exotic species establishment (Johnstone
1986), and it is important to avoid those kind of practices that
increase invasive invader establishment (West 1993).

Mouse-ear hawkweed (Hieracium pilosella L.) is a
well-known plant invader. H. pilosella is native to northern
Eurasia (Bishop and Davy 1994) and aggressively invades
different grasslands around the World (Covacevich 2009,
Treskonova 1991, Vander Kloet 1978, Winkler and Stocklin
2002). After colonization, this perennial species gradually
forms dense and prostrate mats that exclude other species.
It is common in dry, poor and degraded grasslands (Bishop
and Davy 1994), but it is very efficient in nutrient pulse cap-
ture and use (Fan and Harris 1996). It may also release an
allelophatic compound which inhibits the radical growth of
other species (Makepeace et al. 1985). It can reproduce by
stolons, which are stimulated by grazing (Covacevich 2009),
and by sexually or apomictically generated seeds, which are
efficiently dispersed by wind (Sheepens 1994). The particular
combination of these features confer to this species competi-
tive and stress tolerance characteristics (Grime 1977).

In the Argentinean Fuegian grasslands, where domes-
tic sheep have been grazing for 110 years (Anchorena et al.
2001), high cover of H. pilosella (up to 70%) was associ-
ated to sporadic disturbances events such as plant removing,
ploughing, oil pipelines standing, pasture sowing and fertil-
izer, and road construction (Cipriotti et al. 2010). Evidences
from other studies indicate that H. pilosella success is as-
sociated to disturbances like fire and overgrazing (Foran et
al. 1992, Jesson et al. 2000, O’'Connor et al. 1999, Rose et
al. 1998, Treskonova 1991), probably because this species
grows better in sites with open and short vegetation, with
high light availability and nutrient pulses (Bishop and Davy
1994, Kohler et al. 2005). Different field studies and experi-
ments, however, show contradictory results about H. pilo-
sella responses to disturbances, in particular, to sheep graz-
ing (Grove et al. 2002, Meurk et al. 2002, Rose et al. 1995,
Walker et al. 2005, Wilson 1992).
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The aim of this work was to evaluate the short-term dy-
namic of an aggressive invader of grasslands at a small spa-
tial scale under the combination of two different types of
disturbances that commonly occur in the region: a local and
sporadic vs. an extensive and chronic disturbance. For this,
we carried out a field manipulative experiment, and as local
disturbance we experimentally generated three different dis-
turbances of increasing intensity. The first one corresponded
to the control treatment, without any soil or vegetation dis-
turbance. The second one involved vegetation mowing but
leaving the soil structure intact, and the third one correspond-
ed to vegetation mowing plus soil ploughing. These distur-
bances were crossed by two grazing conditions, ungrazed and
grazed. The single and the interactive effects of these dis-
turbance types on changes in the invader species frequency
and cover were evaluated along five years. We predict an ac-
celerated dynamic of invasion under local and of the high-
est intensity disturbance in grazed plots, due to the previous
field observations and knowledge of the species, this is: a)
H. pilosella presents a regional pattern of high invasion in
sites with drastic soil disturbance history in the Argentinean
Fuegian steppe (Cipriotti et al. 2010, Rauber et al. 2012); b)
grazing generally favor to prostrate species (Milchunas and
Lauenroth 1993); c) asexual reproduction by stolons of H.
pilosella is stimulated by grazing (Covacevich 2009); and d)
invasion of exotic species generally increment as disturbance
intensity increment (Duggin and Gentle 1998). Therefore,
from the experiment, we expect a greater colonization and
cover in ploughed and grazed condition than the other ones
after experiment beginning.

Methods

Study area

The experiment was carried out in a Fuegian grassland
at the north of Tierra del Fuego province, Argentina (52° 54’
5377 S, 68° 33'37"" W). The Fuegian grasslands are in the
southern portion of the Magellanic steppe, a humid variant
of the Patagonian semi-desert (Collantes et al. 2009), cover-
ing around 5,000 km? at the north of Tierra del Fuego Island,
Argentina. The area has a climatic gradient, with precipitation
increasing and temperature decreasing in a northeast-south-
west direction. Rains vary from 300 to 450 mm/yr across this
gradient, and are evenly distributed along the year, although
water balance deficit is greater in summer because of strong
W-NW winds (Walter and Box 1983). At landscape scale,
most of the area is covered by the tussock grass Festuca gra-
cillima Hooker f. The shrub Chiliotrichum diffusum (Foster
f.) O. Kunze, however, dominates on deeper and moisture
soils, Poa spiciformis (Steud.) Hauman & Parodi grass lawns
on dry, north-facing slopes, and hydrophytic communities oc-
cupy valleys and depressions (Collantes et al. 1999, 2009).

Field experiment

The experiment was carried out in a paddock of about 200
ha, where all shrubs were mechanically removed one time and
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Table 1. Statistical significance for the fixed single effects of grazing, local disturbance and year, and the double and triple interaction
effects among them on the logarithm of the accumulated colonization probability of H. pilosella

D.FE* F p-value
Intercept 1 8.13352 0.046
Grazing 1 0.03404 0.862
Local disturbance 2 3.35564 0.047
Year 2 5.53722 0.009
Grazing*Local disturbance 2 3.83021 0.032
Grazing*Year 2 1.68112 0.202
Local disturbance*Year 4 2.33300 0.077
Grazing*Local disturbance* Year 4 0.61425 0.655

*D.F. = Degrees of freedom

exotic species (Dactylis glomerata L., Trifolium repens L.
and Festuca arundinacea Schreb) were sown with fertilizer
addition many times between 1966 and 1989 (Serra 1990).
Currently, cover vegetation is almost 100% and native and
sowed species coexist. At the beginning of the experiment,
H. pilosella cover was 15% in the sowed area. First, we se-
lected six plots of approximately 0.5 ha inside the paddock,
all similar in topography and species composition [similarity
index higher than 76%, (Serensen 1948)], and separated by
200 to 2,000 m. Three of these plots were randomly selected
for livestock exclusion with 1.4 m high fences. Therefore,
there are 6 plots, 3 grazed and 3 ungrazed. Previous to the
experiment beginning, all plots had similar grazing manage-
ment with stocking rates of 0.8 sheep/ha (Anchorena et al.
2001). Grazing treatments in the experiment continued with
the same stocking rate. Within each plot, we set 15 subplots
of 1 m? without H. pilosella, at 25 - 100 cm windward from
an already occupied invader patch, resulting in a total of 90
subplots (15 subplots in 6 plots).

Three treatments of different types of local disturbances
were randomly assigned to the subplots in a completely rand-
omized split-plot design. The treatments were: 1- undisturbed
(U); 2- mowed (M), in which all aboveground plant organs
were removed with scissors at the soil surface level, but with-
out soil disturbance; and 3- ploughed (P) in which the upper
15 cm soil layer was disturbed with a hoe, and all the under-
ground organs were removed. The treatments were applied in
the spring of 2005.

H. pilosella colonization and expansion

The early dynamic of the invader species was evaluated
by considering two processes of plant spread, colonization
and expansion, at the first, second and fifth year after the ex-
periment beginning. The colonization was estimated as the
percentage of subplots with the occurrence of H. pilosella
over the total initially empty subplots and the expansion was
estimated as the cover percentage of the invader inside the
subplots along time.

To calculate H. pilosella cover, we measured two orthog-
onal diameters for each rosette or continuous patch, and then
we estimated the patch area as m x a x b, where a and b are
the two patch radii. The sum of all patch areas was divided by
the area of subplots (1 m?), resulting in the cover estimation.

Data analysis

We carried out mixed models for a completely rand-
omized split-plot design. As a measure of colonization, we
estimated the logarithm of the accumulated frequency of
the number of subplots with presence of the invasive spe-
cies across treatments and years and we estimated the effects
from a linear mixed model (local disturbance type x grazing
x year), considering the plot as a random effect (Hojsgaard
et al. 2006, Zuur et al. 2009). On the other hand, to assess
expansion dynamic, we used a generalized mixed model with
a biased distribution to take into account zero-inflated data
for continuous variables (Tweedie models), and we estimated
the single and interactive fixed effects from the model (local
disturbance type x grazing condition x year), with the plot as
a random effect (El Shaarawi et al. 2011). For both response
variables, we conducted post-hoc Tukey tests (alpha=5%) to
contrast means only for significant single or interactive ef-
fects in respective ANOVAs. Statistical analyses were per-
formed with the R environment, packages Ime4 (Pinheiro et
al. 2009), multcomp (Hothorn et al. 2008), phia (De Rosario-
Martinez 2013), tweedie (Dunn 2013) and software Infostat
(Di Rienzo et al. 2008) and Statistica.

Results

Colonization

The accumulated probability of invader occurrence in-
creased through the time after the experiment beginning
(Table 1; Fig. 1a). Under the mowed and grazed treatment,
H. pilosella colonization was accelerated and its coloniza-
tion probability was higher than for any other treatment. In
contrast, the undisturbed and ungrazed treatment showed the
lowest colonization. The other treatments had similar coloni-
zation probabilities (50-65%, Fig. 1b).

Expansion

The mean percentage of the invader cover also increased
significantly over the years (Table 2; Fig. 2a). But, H. pilo-
sella presented the highest cover (8.8%) under the mowed
treatment in ungrazed condition, and no differences were
seen among the other treatments (1.5-3.7%, Fig. 2b).
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Table 2 Statistical significance for the fixed single effects of grazing, local disturbance and year, and the double and triple interaction

effects among them on the invader mean cover of H. pilosella

D.F.* Chi-square p-value
Intercept 1
Grazing 1 17.6710 <0.001
Local disturbance 2 8.8215 0.012
Year 2 320.0026 <0.001
Grazing*Local disturbance 2 12.6837 0.002
Grazing *Year 2 0.4112 0.814
Local disturbance *Year 4 9.4332 0.051
Grazing *Local disturbance *Year 4 1.2343 0.872
* D.F. = degrees of freedom
100 @ __n a
3 S0 £ 12
g 80 o g b
B g 10
£ __ 70 o
TE g a 3 s
£s a 8
o s o0 T 6
B2 40 x
g8 30 ?
5 20 2 a a
E 1 0
o
]
2006 2007 2010 e
Year 2006 2007 2010  Year
w00 b 2 b
8 3
3 90 & T 10
:E. 80 3
X _ 70 e 2
bR ab b B
2= 60 3
= ] ab 8 6
5§ 50 ab =
23 a0 a : a
] = a
£ w0
1—3 20 % a
E
3 10 0
= undisturbed mowed ploughed
undisturbed mowed ploughed

Fig. 1 a) Cumulative probability of H. pilosella occurrence
through time across all treatments; b) Cumulative probability of
H. pilosella occurrence for grazing and local disturbance treat-
ments across all years. Triangles: ungrazed, circles: grazed.
Hated bars represent the standard error, and different letters rep-
resent significant differences among mean values through the
post-hoc Tukey test (alpha=0.05).

Discussion

Our results show that, even in the absence of local dis-
turbances under grazing (i.e., the typical conditions of these
rangelands), there are possibilities to the invader coloniza-
tion. Hence, local disturbances are not a key pre-requisite
for successful invasion, but H. pilosella invasion seems to
be accelerated by the mowing treatment. Invasive species
colonization presented a higher response to mowing and
grazed treatment with respect to the other treatments (Fig.
1b). Short-term heavy defoliation, simulated by the mowing

Fig. 2 a) Weighted mean cover of H. pilosella through time across
all treatments; b) Weighted mean cover of H. pilosella for graz-
ing and local disturbance treatments across all years. Triangles:
ungrazed, circles: grazed. Hated bars represent the standard er-
ror, and different letters represent significant differences among
mean values through the post-hoc Tukey test (alpha=0.05).

treatment, strongly affects canopy structure, but not gener-
ates great fluctuation over soil chemical properties (Guo
et al. 2012). In contrast, short-term heavy defoliation plus
soil structure destruction, generated by the ploughing treat-
ment, could increase the availability of both light and soil
resources. Therefore, the invasion acceleration after mowed
and grazed treatment could not be explained by a transient
soil resource increase or variation, but may be explained by
a decrease of interspecific competition for light, combined to
particular seed and plant characteristics of the invader spe-
cies. Aboveground biomass elimination favors stoloniferous
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expansion (Belsky 1992) and diminishes light competition.
The deceleration of colonization in undisturbed and ungrazed
condition also could be explained in part by the light limita-
tion for germination (Kohler et al. 2005).

The results of colonization dynamic did not support
our original hypothesis since we expected more acceler-
ated invader colonization under ploughed and grazed treat-
ment, which represents the most highly disturbed condition.
However, our results can be interpreted under the intermedi-
ate disturbance hypothesis framework (Catford et al. 2012).
The combination of competitive and stress tolerant charac-
teristics of H. pilosella make it adapted to the intermediate
successional state generated by the intermediate disturbance
intensity. This idea is supported by the fact that in the most in-
tense disturbance situation (i.e. ploughed), we verified a fast
colonization of ruderal species, principally Rumex acetosella
L. (data not show), which is an early colonizer of disturbed
environment in the whole Patagonia. Therefore, ruderal spe-
cies seems to be favored under intense disturbance and it is
possible that in a lower intensity disturbance scenario (undis-
turbed and grazed), the most competitive species dominate.

The invader colonization under ploughed conditions
could also be disfavored by changes occurring in the soil mi-
crobial activity (Gros et al. 2004) in the uppermost soil layer.
In addition, the increased bare soil area caused by ploughing
can diminish H. pilosella seed retention in windy environ-
ments like these Fuegian steppes in comparison to vegetated
treatments, delaying the invader colonization (Rotundo and
Aguiar 2005, Schurr et al. 2005). At long-term, it is possible
that the invader colonization also has been disfavored by de-
creasing soil organic matter, C and N as a result of ploughing
(Lopez-Fando and Pardo 2009, Stockfisch et al. 1999).

With respect to the expansion dynamic, global pattern
seems to be exponential (Fig. 2a), although there are differ-
ences in invader cover among treatments (Fig 2b). Despite the
higher colonization in the mowed and grazed conditions, the
mean cover was higher in the mowed but ungrazed condition.
Dissemination of the species would be by seeds (Chapman et
al 2000, Jenkins 1992, Koltunow et al 1998), and once it has
established, reproduction and expansion would occur asexu-
ally through stolons (Stocklin and Winkler 2004, Winkler and
Stocklin 2002). It is possible that under mowing and grazing
the expansion be limited by accidental herbivory on stolons
and soil compaction, whereas under mowing and ungrazed,
stoloniferous expansion occurs without restrictions. The low
expansion rate of this species could be attributed to the stress-
ful environment, because in this site, annually precipitations
are lightly below 300 mm. Hence, the community modifica-
tion by the one-time mowing treatment favors invader ex-
pansion, even without grazing. Another study indicates that
H. pilosella does not generate a permanent soil seed bank in
this region (Rauber 2011), which coincide to studies made
in other countries like the UK and New Zealand (Jenkins
1992); so, disturbance effects would not be acting through
this mechanism.

It can be considered that the disturbances applied in
this experiment are different kinds of disturbances and not
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a simple intensity gradient. However, taking into account
the disturbance as “process removing or damaging biomass”
(Grime 1979), as “any relative discrete event in time that
disrupt ecosystem, community or population structure and
changes resources, substrate availability, or the physical en-
vironment” (White and Pickett 1985), or as “an event which
alters the niche opportunities available to the species in a
system” (Shea et al. 2004), our experimental application of
disturbances would correspond to an increasing disturbance
intensity (undisturbed, mowing, and ploughing), because in-
creasingly remove and destroy biomass, disrupt the system,
changes resources, substrate and physical environment, and
alters niche opportunities available.

A shortcoming of our study that provided uncertainties
over the results interpretation was the inability of completely
exclude colonization by stolons at sub-plot level, and we
must to assume that colonization was through seeds, accord-
ing to precedent studies about strategies of reproduction of
this invasive species. For another hand, a factor that could in-
crement the variability source was the incapacity of measure
the propagule availability in each subplot. A more controlled
experiment in which each subplot receives the same prop-
agule pressure could improve this aspect.

In conclusion, invader response to disturbance inten-
sity seems to be dependent to particular characteristics of
the species related to use of resources. Whereas it was pre-
dicted that in the most disturbed extreme of a disturbance
gradient, the susceptibility to invasion will be greater, we
observed that in our case, the higher invasion was be seen
in an intermediate disturbance situation. Under high dis-
turbance intensity, ruderals would be favored, whereas
in the other extreme, in sites with low disturbance inten-
sity, competitive species had advantage. In the middle of
the intensity gradient, stress tolerant species proliferates.
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