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Abstract The effects of herbivory on plant invasions are broadly discussed, and many studies have led to
widely debated theories. In particular, the effects of herbivores on pine invasion found in different studies vary;
in some cases, they controlled their expansion, and in others, they promoted it. On the other hand, vulnerability
to invasion by pines differs between community types. Sites with dunes and bare ground are the most heavily
invaded, followed by grasslands, while shrublands and forests are least invaded. Because current evidence is
mostly observational, some of the varying responses of pine invasions to herbivory should be examined further
through replicated experiments. Here, we address experimentally the extent to which preference for the non-na-
tive invasive Pinus contorta by domestic sheep (Ovis aries) depends on the vegetation type. We installed experi-
mental enclosures within two adjacent communities, grassland and shrubland, and in each one, we planted
seedlings of P. contorta Douglas and established a sheep density typically recommended for the study area. The
number of browsed seedlings, the number and type of branches browsed per seedling, the reduction in height
and probability of survival immediately after browsing period were recorded. The number of browsed seedlings
and damage to the terminal bud were higher in grassland than in shrubland, while the number of browsed
branches per seedling was higher in shrubland than grassland. The reductions in height and probability of sur-
vival immediately after browsing were similar in both communities. These results show that moderate levels of
sheep herbivory could reduce 20% seedling survival in both communities; nevertheless, the damage patterns dif-
fer between them. The sheep browsed more substantial number of seedlings in grasslands than in shrublands.
However, if sheep find the seedlings, they damage it more in shrublands. These results suggest that experimental
studies comparing communities are important for pine invasion management.

Abstract in Spanish is available with online material.
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INTRODUCTION

Causes and conditions needed for invasion by non-
native species are the focus of numerous studies
(Lockwood et al. 2013a). There are three recognised
factors that could determine patterns of invasion suc-
cess: (i) the number of individuals arriving (propag-
ule pressure); (ii) intrinsic traits of the non-native
species (invasiveness); and (iii) the susceptibility of
the community to be invaded (invasibility; Lonsdale
1999). Regarding invasibility, since Elton (1958)
coined the term ‘biotic resistance’, numerous theoret-
ical and empirical studies have been carried out with
variable results, leading to the so-called invasion
paradox (Fridley et al. 2007). The invasion paradox

refers to the change in direction of the native diver-
sity–invasion relationship as the scale of the study
changes, being generally negative at small scales and
positive at larger scales. Nunez-Mir et al. (2017)
hypothesise that the variable results may be due to
conditional interactions among the recognised factors
that determine invasion success across study scales.
For example, it is widely assumed that diverse and
structurally complex ecosystems are less invaded
(Levine 2000; Naeem et al. 2000; Iannone et al.
2016). However, some studies suggest, particularly
for forest ecosystems, that low invasibility of complex
ecosystems may be a result of the traits found in
most of the species introduced deliberately (shade
tolerance – fast-growing early successional species),
major time-lag phenomena, isolation of the patches
and distances to the propagule source (Martin et al.
2009; Essl et al. 2011, 2012). Thus, it must be taken
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into account that biotic resistance is ecosystem-speci-
fic and will vary with propagule pressure, the traits of
the invasive species and the fitness consequences of
the interaction of the invasive species with the con-
temporary site characteristics and species assemblage.
Community invasibility, both in natural and pro-

ductive ecosystems, could be determined by many
factors like resource availability, habitat productivity,
presence of facilitating species, competitive abilities
of the resident species, or predation and herbivory
(Maron & Vila 2001; Shea & Chesson 2002;
Richardson & Py�sek 2006; Nunez-Mir et al. 2017).
In particular, the effect of herbivory on plant inva-
sions has been widely studied with different species
and contexts and has been the subject of broadly
debated theories like the Natural Enemies Hypothe-
sis, Biotic Resistance and Enemy Release Hypothesis
(Maron & Vila 2001; Keane & Crawley 2002; Lock-
wood et al. 2013a). A meta-analysis revealed that
herbivory is one of the three factors that diminish the
establishment success or performance of non-native
species (Levine et al. 2004). Nevertheless, the results
vary; in some cases, herbivores promote some inva-
sive plants by avoiding them and eating their com-
petitors, and in other cases, herbivores contribute to
biotic resistance by consuming invading plants (Par-
ker et al. 2006; Oduor et al. 2010; Averill et al.
2016). In particular, mammalian herbivory by native
and exotic herbivores is a strong modulator of the
plant community. Mammalian herbivory could influ-
ence, among other attributes, the structure and abun-
dance of plants populations (Huntly 1991; Augustine
& McNaughton 1998; Danell & Bergstr€om 2003)
and could sometimes promote plant invasions (Sim-
berloff & Von Holle 1999; Knapp et al. 2008; Nu~nez
et al. 2008a; Moe et al. 2016). Several species of the
Pinaceae family, native to the Northern Hemisphere,
have been planted in the Southern Hemisphere
mainly for forestry purposes, but also for soil erosion
control or as ornamentals (Simberloff et al. 2010).
Some of these species became invasive in many areas
of Australia, New Zealand, South Africa and more
recently of South America, a process well described
in the literature (Richardson et al. 1994, 2007;
Nu~nez et al. 2017). Pine species vary in the degree of
invasiveness, with differences explained by a set of
characteristics, such as small seed mass, short juve-
nile period and shorts intervals between large seed
crops (Rejm�anek & Richardson 1996). However,
many other factors influence pine invasion, such as
propagule pressure (Pauchard et al. 2016), abiotic
factors (Nu~nez & Medley 2011) and biotic interac-
tions like mycorrhizal fungi (Nu~nez et al. 2013), her-
bivory (Relva et al. 2010), seed predation (Nu~nez
et al. 2008b) and vegetation type (Taylor et al. 2016).
Previous studies revealed that pine invasion pattern

varies according to the invaded plant community; in

increasing order of invasibility are forest and shrub-
land, then grassland, and finally dunes and bare
ground (Richardson et al. 1994). From a spatially
explicit individual-based model, Higgins and
Richardson (1998) observed the same pattern of dif-
ferential invasibility between communities, but they
note the importance of the mechanisms and interac-
tions between plant type, environment type and
disturbance regime, since the conclusions are con-
text-specific. However, invasions in open native for-
est, canopy gaps and short shrubland are frequently
observed (Sarasola et al. 2006; Simberloff et al. 2010;
Taylor et al. 2016). This pattern could be influenced
by multiple factors interacting in a complex manner,
such as disturbance regimes (Hobbs & Huenneke
1992; Lonsdale 1999), ground cover, structure and
composition of the receiving community (Richardson
et al. 1994; Taylor et al. 2016), and herbivory (Relva
et al. 2010). Specifically, the effects of herbivores on
pines found in different studies vary. In some cases,
they promote invasion (Bartolom�e et al. 2008; Nu~nez
et al. 2008a; Relva et al. 2010; Osem et al. 2011; de
Villalobos et al. 2011), and in others, they hinder the
invasion (Chauchard et al. 2006; Sarasola et al. 2006;
Boulant et al. 2008; Becerra & Bustamante 2009).
With respect to cases where herbivores promoted
pine invasion, Bartolom�e et al. (2008) observed that
grazing by sheep and cows could be favouring Pinus
sylvestris L. and Pinus mugo Turra invasion in areas of
Spain, possibly by lowering competition from nearby
vegetation and opening gaps that favour these shade-
intolerant pine species. In the same study, Abies alba
P. Mill. was regulated by the presence of ungulates,
as it is much more sensitive to herbivory than the
other two species. Nu~nez et al. (2008a) and Relva
et al. (2010) observed in Argentina that exotic inva-
sive deer preferred native species and consumption of
the exotic Pinaceae Pseudotsuga menziesii (Mirb.)
Franco and Pinus ponderosa Douglas ex Laws. was
low. Finally, de Villalobos et al. (2011) observed in
Pampean grasslands that the combination of direct
and indirect effects generated by long-term grazing
by wild horses favoured the establishment of Pinus
halepensis Mill. seedlings. In contrast, Chauchard
et al. (2006) observed that semi-wild cattle (Bos tau-
rus L.) controlled the regeneration of the non-native
species Pinus nigra subsp. nigra Arn. Likewise, Bou-
lant et al. (2008) observed a negative effect of
grazing on recruitment of P. nigra subsp. nigra and
P. sylvestris L. in France, where recruitment was
two to four times lower in grazed than non-grazed
areas. Moreover, the proportion of pine seedlings
near shrubs was higher in grazed than in ungrazed
areas, indicating a protective effect of shrubs. Lastly,
Becerra and Bustamante (2009) observed that, inde-
pendently of plant cover, herbivory by exotic verte-
brates negatively affected survival of Pinus radiata
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D. Don in Mediterranean areas of Chile. Probably,
these contradictory results may be explained by the
variation in herbivore species, grazing pressure, pine
species, plant community and the experimental
design of these studies.
In this work, we carried out an experiment control-

ling some of the variables that determine the outcome
of plant–herbivore interactions in the invasion success
mentioned in the previous paragraph: herbivore type,
stocking rate, pine species and resident plant commu-
nity. In particular, we sought to determine whether the
herbivores are promoting or preventing the observed
gradient of pine invasion in two systems of Argentinian
Patagonia. To this end, we worked with seedlings of
Pinus contorta of 2 years old. This species is one of the
most invasive pine species of the region. We worked
with sheep, an exotic herbivore widely distributed in
the area (Coronato 2010), and in two characteristically
invaded systems (grass steppe and shrub-steppe; Le�on
et al. 1998; Bran et al. 2002). The preference of sheep
can vary depending on the vegetation context (Villagra
et al. 2013). If they prefer to consume more pine seed-
lings in shrub-steppe communities (henceforth shrub-
land) than in grass steppe communities (henceforth
grassland), they could be favouring the invasion pat-
tern observed of relatively more pronounced invasion
in grasslands than in shrublands. By contrast, if sheep
select more pine seedlings in grasslands than in shrub-
lands, they could be acting to mitigate the observed
gradient of invasion. In previous experiments (Zamora
Nasca et al. 2018), we observed that sheep could effec-
tively control pine seedlings in grasslands. The knowl-
edge of the differential sheep preference for pine in
relation to the vegetation context is key information
for pine invasion management.

METHODS

Study area

This research was conducted in the Andean Precordillera,
in NW Patagonia on the Fort�ın Chacabuco ranch, located
in Neuqu�en Province in Argentina (41°0016.67″S and
71°10046.62″W). The landscape is composed of mountains,
mountain ranges and hills and is crossed by many rivers
and streams. The climate is Mediterranean, with 60% of
precipitation occurring in autumn and winter. Annual rain-
fall ranges between 300 and 700 mm per year, and the
average annual temperature does not exceed 10°C (Bran
et al. 2002). The vegetation corresponds to a semiarid
Patagonian steppe in the Andean piedmont and forms a
mosaic dependent on exposure and soil.

The experiment was conducted in two characteristic
Patagonian plant communities, grassland and shrubland
(Fig. 1). In grassland, the dominant vegetation is tussock
grasses, predominantly Pappostipa speciosa and Festuca pal-
lescens, with scattered shrubs of Acaena splendens, Senecio
bracteolatus and Mulinum spinosum. There are many flood

meadows with Juncus balticus, Poa pratensis and F. pallescens.
The vegetation of the shrubland is dominated by Berberis
microphylla, Ochetophila trinervis, Maytenus boaria and the
introduced Rosa eglanteria. Other species are found to a
lesser extent: Discaria chacaye, Escallonia virgata, Acaena
pinnat�ıfida, Achillea millefolium and patches of tussock
grasses, predominantly P. speciosa and F. pallescens (Bran
et al. 2002; Paramidani et al. 2014). For a detailed list of
the plant species recorded in each community, their gen-
eral characteristics and their use as forage by sheep, see
Appendix S1.

The ranch also contains plantations of P. contorta and
P. ponderosa, and pine has invaded some areas. Many pines
that have escaped from plantations show signs of herbivore
damage. Beside domestic herbivores (cattle, sheep and
horses), invasive non-native herbivores are present, such as
red deer (Cervus elaphus) and European hare (Lepus euro-
paeus), as well as native herbivores such as guanaco (Lama
guanicoe).

Even though sheep production in Patagonia decreased in
recent decades owing to a combination of factors like the
worldwide decline of the meat and wool markets, govern-
ment and social decisions and climatic factors (Texeira &
Paruelo 2006; Coronato 2010), sheep production remains
the main agricultural activity in Patagonia, and the main
production is the Merino breed. For this reason, sheep are
among the most abundant and influential herbivores in sev-
eral ecosystem processes, such as plant invasions.

Experimental design

To evaluate the effect of browsing on non-native pines by
ungulates in different communities, we conducted an
experiment exposing seedlings of P. contorta to the recom-
mended stocking rate of sheep (Ovis aries) on each site in
two communities: grassland and shrubland. For these
experiments, we selected Merino wethers (castrated male
sheep) of the same age, all of whom had a similar initial
diet with similar nutritional components and all of whom
had been exposed to pines before the experiment. The lat-
ter feature is important because individuals may develop a
preference for one species or another over time (Squibb
et al. 1990; Walker et al. 1992).

Within each community, we installed five experimental
enclosures of 25 9 25 m with a 1.50-m tall fence (each
enclosure constituted a replicate). Also, each enclosure had
hardware cloth 0.6 m tall buried in the soil to prevent access
by other herbivores, such as European hare (L. europaeus).
Each enclosure received a sheep density typically recom-
mended for the study area (0.2–0.3 wethers ha�1 year�1 for
grassland and 0.1–0.2 wethers ha�1 year�1 for shrubland).
This density was based on assessment at forage condition of
the sites and on the pasture guidelines developed by special-
ists from INTA (Instituto Nacional de Tecnolog�ıa
Agropecuaria, Argentina; Bonvissuto et al. 2008; Siffredi
et al. 2013). These guidelines are the standard for the region
and are widely used by ranchers. Since these guidelines pro-
vided stocking rate recommendations per hectare per year
and dry forage production per year, we calculated the area
and grazing time corresponding to our experimental design.
We took into account that wethers consume 0.920 kg of
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forage daily and that dry forage production per year and per
hectare estimated for each community is 200–300 kg for
grassland communities and 100–150 kg of grasses and 100–
200 kg of new foliage, branches, fruits and flowers of shrubs
for shrubland communities. We considered the vegetation
use factor (UF), a value corresponding to a proportion of
effectively consumable forage that can be grazed by sheep
without compromising a sustainable forage production over
time (Golluscio et al. 2009). The UF assumed for grassland
sites was 50%, and the UF assumed for shrubland sites was
30%. Thus, the calculated stocking rate was two wethers in
each grassland enclosure for 4 days and two wethers in each
shrubland enclosure for 3 days. Keeping the same herbivore
pressure in each community would have been problematic,
because we know that forage availability differs, so we regu-
lated for no overgrazing, resulting in sheep present for differ-
ent numbers of days. We realise that our experiments are
limited by the fact that sheep were kept in small plots, which
is not ideal because of the variability in plant forage produc-
tion per year and because it could change sheep feeding
behaviour. However, we believe this work nevertheless pro-
vides a tool to carry out replicated experiments with detailed
analyses that are needed in this type of study. The experi-
ment was conducted in spring 2016, the season with the
maximum availability and quality of forage in each commu-
nity, minimising the risk of overgrazing. Also, we established
the enclosures adjacent to each other, and no sheep were
alone, so as not to alter their gregarious behaviour. A similar
design was used successfully in a previous study in the region
(Zamora Nasca et al. 2018).

Similar environmental conditions and forage availability
occurred in the enclosures, thus each enclosure can be con-
sidered a replicate. In each enclosure, we planted 40 seed-
lings of P. contorta (35.8 SD �7.9 cm height) in a systematic
way; these came from a greenhouse where they had been
grown under identical conditions. The seedlings were less
than 2 years old (20 months old), because it has been sug-
gested that before that age, they are more vulnerable to herbi-
vores (Crozier & Ledgard 1990). The average initial
branches per seedling (main branch plus side branches) were

4.52 � 0.18 (mean � SE) in grassland and 3.99 � 0.15
(mean � SE) in shrubland. The number of browsed seed-
lings, damage to the terminal bud, number of browsed
branches, maximum height before and after treatment and
probability of survival immediately after the treatment were
recorded for all seedlings. The probability of survival was
estimated based on the assumption that only seedlings with
all branches browsed would die. This was a conservative
approach given we could not control the seedlings for long
term owing to external factors, such as an unusually dry sum-
mer and difficulty watering the seedlings properly, and diffi-
cult to maintain the seedlings protected from posterior
herbivory damages. All seedlings were removed at the end of
the experiment.

The source of the seedlings could be a limitation of our
experiments because nursery seedlings could have grown in
nutritional conditions that rendered them particularly palat-
able for herbivores. However, the use of nursery seedlings
allowed us to work with numerous seedlings with identical
characteristics as was necessary for a replicated experiment.

Data analysis

We used generalised linear mixed models (GLMM; Zuur
et al. 2009; Crawley 2013) to test whether sheep herbivory
at the recommended stocking rate affected P. contorta seed-
lings differentially in grassland or shrubland. The models
were fitted with enclosure as a random effect to control for
possible variation between replicates in adjacent but differ-
ent enclosures. The predictor variable was community type,
a factor with two levels, grassland and shrubland, and we
modelled the following response variables: (i) the probabil-
ity of a seedling being browsed (browsing incidence); (ii)
the probability of a terminal bud being browsed; (iii) the
probability of survival; (iv) the proportion of browsed
branches per seedling (browsing intensity), all with a logit
link function and binomial error distribution; and (v) the
relative reduction in height (initial height � final height/ini-
tial height) with a logit link function and beta error

a b

Fig. 1. Photographs of the two plant communities where the enclosures were established. The study area was located in
NW Patagonia on the Fort�ın Chacabuco ranch, Neuqu�en Province in Argentina (41°0016.67″S and 71°10046.62″W).
(a) Enclosures in grassland community. (b) Enclosures in shrubland community.
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distribution. For the analysis of (iv) and (v), unbrowsed
individuals were excluded from the data.

The function glmer from the R package ‘lme4’ (Bates
et al. 2015) was used to fit the probability of a seedling
being browsed, the probability of a terminal bud being
browsed, the probability of survival and the proportion of
browsed branches per seedling. The function glmmadmb
from the ‘glmmADMB’ package (Skaug et al. 2012) was
used to fit the relative reduction in height (initial
height � final height/initial height). The R package ‘gg-
plot2’ (Wickham 2009) was used for visualisation of the
models. R version 3.5.0 was used (R Development Core
Team 2018).

RESULTS

On average, pines were consumed more in grassland
than in shrubland. The average initial height of the
seedlings was 35.97 � 0.62 cm (mean � SE) in grass-
land and 35.8 � 0.52 cm (mean � SE) in shrubland,
while the average final height of the seedlings was
25.55 � 0.64 cm (mean � SE) in grassland and
29.05 � 0.58 cm (mean � SE) in shrubland. The
observed proportion of browsed P. contorta seedlings
(i.e. browsing incidence, number of browsed seed-
lings/number of seedlings) was 89% in grassland and
56% in shrubland. The probability that a P. contorta
was browsed, as estimated by the model, was signifi-
cantly higher in grassland than in shrubland, 93% and
62%, respectively (z = �6.1, P < 0.05; Fig. 2a;
Table 1). Similarly, the observed proportion of termi-
nal buds browsed was 89% in grassland and 55% in
shrubland. The probability that a terminal bud was
browsed, as estimated by the model, was significantly
higher in grassland than in shrubland, 93% and 60%,
respectively (z = �6.26, P < 0.05; Fig. 2b; Table 1).
Of the subset of browsed seedlings, the observed

proportion of browsed branches per P. contorta seed-
ling (i.e. browsing intensity, number of browsed
branches/number of branches) was 61% in grassland
and 70% in shrubland. The proportion of browsed
branches per P. contorta seedling estimated by the
model was 53% in grassland and 64% in shrubland;
the differences were statistically significant (z = 3.45,
P < 0.05; Fig. 2c; Table 1).
Of the subset of browsed seedlings, the observed

average of relative reduction in seedling height (i.e.
initial height � final height/initial height) as a result
of sheep herbivory was 32% for grassland and shrub-
land. The relative reduction in seedling height esti-
mated by the model was similar in both vegetation
types: 31% and 29% for grassland and shrubland,
respectively (z = �0.92, P = 0.36; Fig. 2d; Table 1).
The probability of survival of P. contorta seedlings

immediately after the treatment was similar in both
vegetation types: 75% and 78% for grassland and
shrubland, respectively. The probability estimated by

the survival model of P. contorta in both types of veg-
etation was 80% (z = 0.2, P = 0.84; Table 1).

DISCUSSION

Our results show that sheep herbivory can affect the
invasion process of P. contorta by browsing seedlings
both in grassland and in shrubland. Although at the
recommended stocking rate the mortality level was
not enough to prevent invasion, our previous study
shows that medium to high densities (commonly
used in some livestock management approaches like
silvopastoral practices or holistic management) could
prevent pine invasion (Zamora Nasca et al. 2018).
Treeless communities such as temperate grassland
are recognised as being relatively more susceptible to
invasion by pines than are diverse and structurally
more complex communities (e.g. shrublands;
Richardson et al. 1994; Rundel et al. 2014). Then,
the large number of browsed pine seedlings in our
grasslands would mitigate their greater invasibility.
Even though the proportion of browsed seedlings

in grasslands exceeded that in shrublands, when a
seedling was browsed in shrubland, the severity of
damage was greater because the sheep damaged more
branches per seedling than in grassland. This mea-
sure (proportion of branches browsed per seedling) is
an important factor in invasion management because
low levels of damage retard growth (Zamora et al.
2001) but do not guarantee seedling mortality (Cro-
zier & Ledgard 1990). If sheep cannot access an
invaded site every growing season, the efficiency of
the pine control will be low.
The main factors that diminish the establishment

success of non-native species are competition with
native plants, species richness of the local community
and herbivory by insects and mammals (Levine et al.
2004). It is also important to take into account the
evolutionary history of grazing of the community and
changes in disturbance frequencies (Vila et al. 2007;
Chytr�y et al. 2008). However, none of these factors
act alone, but rather they all act in combination, and
the context-specific characteristics are important
(Lockwood et al. 2013b). In this study, we observed
that herbivory could be an important factor in deter-
ring invasive conifer establishment, but it may not be
one of the causes of the observed pattern of invasion
(i.e. grasslands more invaded than shrublands and
shrublands move invaded than forest), and other fac-
tors influence this observed pattern. Recently, Taylor
et al. (2016) quantified P. contorta abundance and
size in six invaded ecoregions and observed that the
gradient of invasion grassland > shrubland > forests
is not so clear because pine establishment differed
if the shrubland structure varied. Thus, specific habi-
tat characteristics and biotic factors (e.g. vegetation

© 2019 Ecological Society of Australia doi:10.1111/aec.12763

SHEEP, PINE INVASION AND VEGETATION CONTEXT 977



type and structure, herbivory, or mutualisms) are
important to determine invasion success because the
rate of invasion and invasion extent are context-de-
pendent (Chytr�y et al. 2008; Taylor et al. 2016).
Several studies show that herbivory can control

plant invasion (Cadenasso et al. 2002; Chauchard

et al. 2006; Boulant et al. 2008; Becerra & Busta-
mante 2009; Cap�o et al. 2016). However, herbivore
preference will vary depending on the structure and
composition of the plant community and the relative
presence of palatable plants (Facelli & Temby
2002). There were observed cases where the height
of surrounding vegetation affected the discovery rate,
severity and extent of browse damage of P. radiata
seedlings by generalist mammalian herbivores (Pietr-
zykowski et al. 2003). Boulant et al. (2008) observed
that grazing decreased sapling recruitment rates of
both P. nigra (non-native) and P. sylvestris (native)
in grasslands; however, in grazed areas, shrubs
favoured their establishment. Taylor et al. (2016)
found P. contorta density varied with vegetation
structure. Forested areas and areas dominated by
tall shrubs had lower P. contorta densities than grass-
lands, while areas dominated by short shrubs had
higher densities than grasslands. If the vegetation
surrounding the pines is less palatable than the
pines, this could promote herbivory if the herbivore
prefers pine, or it could protect the pines by ‘asso-
ciative resistance’ (Hj€alt�en et al. 1993; G�omez et al.
2001; Baraza et al. 2006; Kuijper et al. 2010).

Fig. 2. Herbivory on Pinus contorta seedling by sheep in two vegetation types, grassland and shrubland. (a) Estimated pro-
portion of browsed seedlings (z(d.f.: 1) = �6.1, P < 0.05). (b) Estimated proportion of terminal buds browsed (z(d.f.:
1) = �6.26, P < 0.05). (c) Estimated proportion of browsed branches per seedling (browsed branches/total branches; z(d.f.:
1) = 3.45, P < 0.05). (d) Estimated relative reduction in seedling height after treatment. Relative reduction in height = (initial
height � final height/initial height) (z(d.f.: 1) = �0.92, P = 0.36). Black point refers to the mean and black line to the median.

Table 1. Model adjustment measures in relation to the
null model of the generalised linear mixed models realised
to test whether sheep herbivory at the recommended stock-
ing rate affected Pinus contorta seedlings differentially in
grassland or shrubland

Model d.f. ChiSq Pr (>ChiSq)

Proportion of browsed
seedlings

1 44.913 2.06e�11

Proportion of terminal bud
browsed

1 47.671 5.041e�12

Proportion of browsed
branches per seedling

1 12.052 0.0005174

Relative reduction in height 1 0.838 0.36
Probability of survival 1 0.0411 0.8394

ChiSq, chi-square test statistic; d.f., degrees of freedom;
Pr (>ChiSq), associated P-value.
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Bertiller and Ares (2008) observed that sheep feed-
ing selection depends first on structural/visual char-
acteristics and later depends on anti-herbivore
defences and the presence of preferred plants. An
associative resistance process could be acting in
shrublands in our study system. Shrubs could be
protecting P. contorta seedlings by hindering sheep
access to seedlings; thus, we observed fewer dam-
aged seedlings in shrublands than in grasslands.
This seedling protection could allow pines to surpass
the height that renders them immune to herbivory.
The different results seen in our study for the vari-
able number of browsed seedlings and the variable
browsing intensity highlight the importance of con-
ducting experiments comparing different ecosystems
because the invasion pattern between communities is
not a clear line; instead, it results from many inter-
actions between variables.

Sheep as controller of plant invasion

Sheep are predominantly grazers, but, based on
dental and forestomach characteristics, should have
less problems in eating shrubs than browsing grasses
(Clauss et al. 2008). Thus, because sheep process
plants with high fibre content better than other her-
bivores do, they have been used successfully for
weed control (Frost & Launchbaugh 2003). How-
ever, several factors must be taken into account
regarding this interaction, such as herbivore inten-
sity and the age of pine seedlings. First, regarding
herbivory intensity, at low densities sheep select
more productive habitats, while at high densities
they use different habitats equally (Mobæk et al.
2009). Although sheep (at the recommended stock-
ing rate) consumed P. contorta in our experiment,
the probability of seedling survival immediately after
browsing period in both plant communities still
exceeded 75%. In contrast, in previous experiments
we found moderate to high stocking rates produced
high rates of seedling mortality in grasslands
(Zamora Nasca et al. 2018). Therefore, for effective
invasion control, one should apply a grazing sched-
ule that includes high stocking rates for short peri-
ods (Butterfield et al. 2006; Kurtz et al. 2016;
Lalampaa et al. 2016; Chara et al. 2018). Moreover,
with respect to the seedling age, seedlings younger
than 2 years old are more vulnerable to herbivore
damage (Crozier & Ledgard 1990; Smit et al.
2006). If the pine exceeds this age, herbivory could
still damage the plant and delay its growth (Zamora
et al. 2001) but would not necessarily kill it. This
fact highlights another limitation of the use of sheep
as a way to control pine invasions and the need to
use them to this end only when pines are very
young and not very lignified.

Finally, although we did not investigate this factor,
seasonality could affect the intensity of herbivore
damage to seedlings. Season is a key factor in herbi-
vore effects on plant establishment for two reasons.
One, the nutritional quality of surrounding forage
available will vary seasonally (Cavagnaro & Golluscio
2017). Sheep have feeding plasticity according to sea-
sonal variation, complementing their diet with shrubs
in autumn or winter according to their physiological
needs (Posse et al. 1996; Villagra et al. 2013). Our
experiments were in the spring, with high surround-
ing forage availability, but the proportions of damage
observed could differ in other seasons (and likely be
even higher, since pines are evergreen). Two, the
degree of damage and the response of the seedlings
after browsing also could differ depending on the
stage of the pine and the functions of the damaged
part of the plant at the time they were removed (i.e.
whether was physiologically a sink or a source of car-
bon; Honkanen et al. 1994; Cingolani et al. 2005).

Management implications

Invasion by introduced species for commercial pur-
poses often entails a trade-off between the economic
return and the negative environmental impact that they
could cause; this trade-off should be taken into account
at the political, social and economic levels (Richardson
1998). It could be better to plant forestry trees with
species vulnerable to ungulate herbivory in early growth
stages, since it is possible to control them in the first
years of the plantation and also to control subsequent
surrounding pine dispersion (Moe et al. 2016). McAl-
pine et al. (2016) studied how tree control methods
affected subsequent invasive P. contorta seedlings estab-
lishment and observed that the most efficient method
included low intensity of intervention, poisoning the
tree but leaving dead trees standing to allow native
plants to establish. Also, they observed that excluding
introduced mammal herbivores favoured the establish-
ment of pines. These studies suggest that combining
other practices (Nu~nez et al. 2017) and domestic herbi-
vores could possibly control the establishment of pine
seedlings. This approach will be more efficient in grass-
land than shrubland and in areas with a recent inva-
sion, with young seedlings, rather than in areas with
many reproductive individuals already established. Our
results highlight the complexities of management of
biological invasions and emphasise the need for deep
ecological knowledge for appropriate management.
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