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Abstract. Grazing modifies ecosystem function through direct effects on plants, but also through indirect effects
mediated by floristic changes induced by grazing. Although both types of effects occur in the long term, only the direct
effects are evident in the short term. We evaluated the short-term direct effects of sheep (Ovis aries) grazing on a

Patagonian steppe during one growing season.Wemeasured plant aerial cover in permanent transects located at increasing
distances from a watering point in three paddocks with different stocking rates through the growing season. We also
measured frequency of defoliation for vegetative and reproductive phases of different plant species located along these
transects. Sheep grazing directly (a) reduced aerial cover and/or increased frequency of defoliation of certain preferred

grasses and perennial forbs, (b) did not increase the aerial cover of any life form, but only the proportion of bare soil, (c) did
not change the litter aerial cover, and (d) defoliated the flowers of even the least preferred shrub. Result a) was coincident
with previous plant aerial cover long-term studies; but results (b) and (c) were contrary to long-term studies, probably

because they resulted from indirect rather than direct grazing effects. Result (d) was not detected by long-term studies,
probably because flower defoliation through grazing is undetectable when measuring shrub plant aerial cover. Our study
showed that grazing has short-term direct effects mainly on the most preferred species. This could be useful for rangeland

management and conservation of Patagonian steppes because short-term effects may be more easily reversible than long-
term ones, and may provide early warning of rangeland condition deterioration.

Additional keywords: degradation, defoliation, herbivory, non-preferred species, plant functional types, preferred
species.
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Introduction

Grazing may affect plant communities either directly or indi-

rectly (Milchunas and Lauenroth 1993; Bisigato and Bertiller
1997;Golluscio et al.2009).Direct effects, such as trampling and
removal of photosynthetic or reproductive plant organs of certain

species (Olofsson 2006), occur either in the short- or long-term
(a few weeks or several years respectively). Indirect effects are
given by successional changes in rangeland communities driven

by grazing. Grazing alters the competitive interactions between
neighbouring plants by changing resource availability and by
selective consumption of some species (Olofsson 2006; Graff

et al. 2007). These changes are evident only in the long term. The
study of short-term responses may allow quantification of some

of themost dynamic direct effects of grazing, almost without any
confusion with indirect effects. Quantifying short-term direct
grazing effects on plants is important for rangeland management

and conservation issues, such as ecosystem services, because
these effects may be more readily detected than long-term ones,
and may provide early warning of condition deterioration. Most

studies compared sites with different historical grazing intensi-
ties (Briske et al. 2008), and hence, represent the long-term
response of plant communities to grazing, showing both direct
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and indirect effects of grazing on rangelands. Few studies have

evaluated the response of plant communities to grazing in the
medium term (several years) and discuss the direct and indirect
grazing effects (Olofsson 2006; Austrheim et al. 2008; Oñatibia

and Aguiar 2016). To our knowledge, there are few studies
evaluating the direct effects of sheep grazing in the short term
(one growing season).

This study was conducted in a Patagonian steppe, an ecosys-

tem subject to severe desertification processes induced by
selective sheep grazing as a result of inappropriate grazing
practices (León andAguiar 1985). Several studies have analysed

long-term effects of grazing on cover, floristic composition, and
plant density. These studies recorded a decrease in overall plant
and litter cover, and specifically a decrease in the cover of

preferred grass and forb species, together with an increase in that
of some less preferred grass and shrub species (Soriano et al.

1980; Fernández et al. 1992; Perelman et al. 1997; Graff et al.
2007; Golluscio et al. 2009; Cesa and Paruelo 2011). Our

conceptual model is that in the short-term sheep grazing may
negatively affect preferred species (direct effect), in the long
term causing floristic changes linked to the alteration of the

competitive interactions favouring non-preferred over preferred
species (indirect effects). However, it is notwell knownwhich of
the preferred species are most responsive to grazing. Our

objective was to analyse (a) the change of plant aerial cover –
at the species and functional group organisation levels – through
one growing season along a gradient of stocking rates, given by

the combination of paddock stocking rate and the distance from
the water point in each paddock, and (b) the frequency of
defoliation for vegetative and reproductive phases of different
plant species. Since grazing could not have affected floristic

composition or biogeochemical cycles during this short period,
we assumed our work evaluated mainly direct grazing effects.

Methods

Study site

The trial was conducted in three paddocks subject to different
stocking rates with a common watering point at the Experi-
mental Ranch of the National Institute of Agricultural Tech-

nology (INTA) at Rı́o Mayo (45824038.700S, 70817037.800W),
south of the Occidental District of the Patagonian Phytogeo-
graphic Province of Argentina (León et al. 1998). The paddocks

were not used for more than 12 months before our study. The
vegetation has an upper shrubby layer, and a lower herbaceous
layer, composed of grasses and forbs (Soriano and Sala 1984). It

is characterised as a shrub-grass steppe of Poa ligularisNees ex.
Steud., Pappostipa speciosa (Trin. & Rupr.) Romaschenko,
Mulinum spinosum (Cav.) Pers., Adesmia volckmannii Phil. and

Senecio filaginoides DC, on a loam to loam-sandy soil of
moderate depth, with high stoniness (Paruelo et al. 1988). The
climate is cold temperate, with mean monthly temperature
ranging from 28C (July) to 8.48C (January) and a mean annual

precipitation of 152mm, 70% falling in autumn–winter
(Jobbágy and Sala 2000).

Study design

Forty Australian Merino wethers (average weight¼ 40.2 kg)
grazed each of three paddocks from October 2005 to February

2006. Since paddocks varied in size (100, 136 and 170 ha), we

achieved a stocking rate, of 1.2, 0.9 and 0.7 sheep equivalent
(SE) per ha during the occupation period, equivalent to an annual
stocking rate of 0.4, 0.3 and 0.2 SE ha�1 respectively. These

stocking rates are higher, equal and lower, respectively, than
the average annual stocking rate in the region (0.3 SE ha�1;
Fernández et al. 1992), and all are higher than the usual stocking
rate of the Experimental Ranch. The sheep equivalent represents

the average annual requirements of a 50 kg pregnant ewe and
which rears a lamb to three months, including the forage con-
sumed by the lamb (Cocimano et al. 1977). To increase the range

of the grazing pressure gradient analysed, we stratified our
sampling by marking four permanent transects of 60m within
each paddock, tangent to concentric circles located at increasing

distances from the common watering point (250, 500, 750 and
1000m). The distance between transects (250m) allowed cov-
ering the steppe heterogeneity present in the three paddocks. The
localised stocking rate is usually higher than the mean stocking

rate near the watering point and decreases with the distance from
the watering point. Except in areas very close to watering or
resting points, dung density is considered an acceptable indi-

cator of local grazing intensity (Lange and Willcocks 1978;
Bisigato and Bertiller 1997). Dung pellets along each transect
were counted in an area of 24m2 (60 m� 0.4 m), and from this

the localised stocking rate for each transect (LSR, SE ha�1) was
estimated as the product of the average stocking rate of each
paddock and the ratio between fresh dung density of each

transect and mean fresh dung density of each paddock:

LSR in transecti ¼ paddock stocking rate� transecti dung density=

mean paddock dung density�1

ð1Þ

Data collection

Along each transect we measured aerial cover of plant species,
litter, and bare soil using the linear intercept method (Greig
Smith 1983). Although basal cover is more directly related with

long-term degradation than aerial cover, we measured aerial
cover because it ismore variable in the short term, the focal point
of our work.Wemade themeasurements in October, November,

December, January and February (5, 50, 80, 110 and 140 days
since the start of grazing respectively). We pooled aerial cover
data at different levels of organisation (a) litter, bare soil, pre-
ferred and non-preferred species (specific quality index (SQI) of

each species $2 and ,2 respectively; Elissalde et al. 2002),
(b) plant functional types resulting from classifying the 24
species explaining 96% of the total aerial cover (Golluscio et al.

2005) by subdividing the four life forms (grasses, shrubs,
perennial forbs and annual forbs), into preferred and non-
preferred types, and (c) the twenty four species mentioned

above. For the seven most abundant species of the community
which accounted for 82% of total aerial cover (Bromus pictus
Hook., P. ligularis and P. speciosa (preferred grasses),
Pappostipa major (Speg.) Romaschenko (non-preferred grass),

A. volckmannii and M. spinosum (preferred shrubs), and
S. filaginoides (non-preferred shrub; Golluscio et al. 2005)), we
also measured the frequency of defoliation during vegetative
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(November) and reproductive (February) phases, as another

measurement of direct effects of grazing. To measure frequency
of defoliation, at 10 points regularly distanced on each transect,
we noted signs of defoliation in the three nearest individuals of

each species, and estimated the frequency of defoliated plants
((no. defoliated plants� no. total plants�1)� 100). In the case of
grasses, defoliated organs were leaves, and in shrubs, they were
leaves during the vegetative phase, but flowers during the

reproductive phase.

Data analyses

We analysed changes in aerial cover of litter, bare soil, preferred

and non-preferred species; the main functional groups (i.e.
preferred and non-preferred grasses, preferred and non-
preferred shrubs, preferred and non-preferred perennial forbs,

and non-preferred annual forbs; no preferred annual forb species
were reported for this plant community), and the 24 most con-
spicuous plant species of the steppe community to analyse the

vegetation dynamics through a growing season and under dif-
ferent localised stocking rates.We adopted a linearmixedmodel
with fixed and random effects to accommodate the temporal
correlation of repeated-measurements in the same transects and

paddocks. We tested for the fixed effects of time (days since the
start of grazing) and the localised stocking rate at the transect
level (LSR), and their interaction for each functional group or

species by using mixed-effect models (R software, nlme pack-
age; Pinheiro et al. 2009). Random effects were considered
through a random interceptmodel for the paddocks and transects

included the temporal correlation (Zuur et al. 2009). Our model
considered that measurements from plants were nested within
transects, and transects were nested within paddocks.

For frequency of defoliation at vegetative and reproductive

phases of the above-mentioned seven most abundant species, we
adopted a generalised linear mixed model with fixed and random
effects to accommodate the random nature of transects and

paddocks. We adopted a binomial family and link function logit
to reflect the nature of response variable at plant level (0¼ no
defoliated, 1¼ defoliated). First, we tested for a global model the

fixed effects of phenological phase and plant species and their
interaction by using Chi-square tests (R software, lme4 package,
Bates et al. 2015). Second, we conducted single models to assess

the role of phenological phase across different species or the
differences among species for a phenological phase. We built the
punctual predictions and confidence intervals (a¼ 5%) based on
estimates of fixed and random effects of fitted mixed models.

Results

Monthly temperature during the trial was similar to that from

the 1985–2004 historic record, but precipitation during the
October–February period was higher (61 vs 36mm, for 2005–
2006 and historic record, respectively, Fig. 1).

Aerial cover of preferred species significantly decreased
(P, 0.01), whereas that of non-preferred species did not change
during the growing season (P. 0.05) (Table 1; Fig. 2a). The

proportion of bare soil increased throughout the experiment
(0.01,P, 0.05), whereas litter aerial cover was stable
(Table 1; Fig. 2b). The aerial cover of preferred species and
bare soil was unaffected by LSR (P. 0.05) (Table 1). Aerial

cover of preferred grasses and non-preferred annual forbs

decreased, whereas that of non-preferred grasses, and preferred
and non-preferred shrubs and perennial forbs did not change
during the experimental period. Preferred grasses were also

negatively affected by LSR (Table 1; Fig. 2c, e, g, h) and
positively affected by the interaction between time and LSR.
The positive interaction slope suggests that decrease in aerial
cover as days under grazing and LSR increased is less pro-

nounced at high than at low values of both variables (Table 1).
At the species level, aerial cover only decreased in two of

the preferred grasses, P. ligularis and P. speciosa (Table 1;

Fig. 2d). Aerial cover also decreased in Microsteris gracilis

within the annual forbs. LSR mainly reduced plant aerial cover
in preferred grasses, specifically P. ligularis and P. speciosa,

but increased aerial cover in the preferred perennial forb
Calceolaria polyrhiza, perhaps by the relaxation of competi-
tion exerted by P. ligularis and P. speciosa as LSR increased
(Table 1). The slight aerial cover increase of the preferred grass

and shrub species recorded around day 100 may have been
related to rain events in January and February 2006 (Fig. 1).

The ranking of frequency of defoliation among species was

different in both phenological phases (Fig. 3). In the vegetative
phase, the grasses B. pictus and P. ligularis were the most
defoliated, with similar defoliation frequency (Fig. 3). Shrubs

were less defoliated than these grasses, but the preferred shrubs
Mulinun spinosum and A. volckmanniiweremore defoliated than
the non-preferred S. filaginoides, which was remained undefoli-

ated during this phase (Fig. 3). In the reproductive phase,
defoliation of some shrubs was similar to that of the most
defoliated grasses.Mulinum spinosum had the highest defoliation
frequency, followed byB. pictus. Conversely, in the reproductive

phase, the preferredA. volckmanniiwas the least defoliated shrub
while, S. filaginoides had a higher defoliation frequency than
A. volckmannii (only slightly lower thanM. spinosum) (Fig. 3).

Discussion

Short-term grazing reduced the aerial cover of preferred species
as grazing duration increased, and this was more evident in

grasses, specifically in the preferred species P. ligularis and the
less preferred – but dominant – P. speciosa, than in shrubs and
forbs. In contrast to the effect of grazing duration, our trial only

was able to detect significant effects of LSR in the case of the
preferred grasses, specifically in the above-mentionedP. ligularis
and P. speciosa. As grazing duration increased, total aerial cover
of preferred grass species decreased, while total aerial cover of

non-preferred species was stable over the growing season. The
aerial cover decrease in annual non-preferred forbs and of
M. gracilis within them may have been associated with their

phenological pattern: towards January–February annual forbs
lose most of their leaves, senesce and disperse their seeds
(Golluscio et al. 2005). The lack of a clear and significant

response in the aerial cover of shrubs cannot be considered as a
decisive direct effect because the aerial cover change depends on
population processes. Although individual plants of some shrub

species can show clear biomass change, this is not the case in the
three shrub species we studied, where population biomass
depends more on population density than on individual biomass,
and population density in turn depends on mortality and
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recruitment which operate at time scales much longer than one
year. Conversely, in grasses, tillering, perhaps the main recruit-
ment strategy, operates at short time periods (Loeser et al. 2004).

Bromus pictuswasmore defoliated thanP. ligulariswhich in turn
was more defoliated than P. speciosa. The most defoliated grass
species showed an increase in defoliation frequency, but no

change in aerial cover during the grazing period. At the other end
of the gradient, P. speciosa, third in the preference ranking,
showed a low frequency of defoliation but a 50% decrease of

aerial cover. P. ligularis, located between these two extremes in
the grazing preference gradient, was the only species to showboth
an aerial cover decrease and a highdefoliation frequency (Figs 2d,
3; Table 1). This sensible grazing of P. ligularis, together with its

response to LSR reinforces the usual acceptance of P. ligularis a
valuable key species.

From November to January sheep diet changes from a

predominance of preferred grass and shrub leaves, which lose
quality when blooming, to a predominance of shrub reproduc-
tive organs, together with the leaves of the most preferred

grasses. Advanced maturity reduces digestibility and toughens
grass leaves, so sheep select other forage sources, mainly shrub

flowers. Leaves of A. volckmannii and M. spinosum have
physical defences (thorns), whereas those of S. filaginoides

have chemical defences (Cavagnaro et al. 2003; Cavagnaro

and Golluscio 2017). These defences enable them to evade
grazing through a reduction in the accessibility and palatability
of their leaves, respectively. This study demonstrated that sheep

defoliated the leaves of shrubs with fewer chemical defence
(A. volckmannii and M. spinosum), and the flowers of all.

Sheep defoliated flowers of the three most abundant shrubs

(direct effect), but this did not affect the shrub aerial cover. Some
studies have found a similar lack of shrub cover change with
grazing but findings vary. Recorded cover increased in the least
preferred S. filaginoides (Fernández et al. 1992; Bertiller and

Bisigato 1998; Cesa and Paruelo 2011), whereas cover
decreased in the preferred M. spinosum and A. volckmannii

(Fernández et al. 1992; Cesa and Paruelo 2011). Cover increases

in the preferred shrubs have also been recorded (Soriano et al.

1980; Bertiller andBisigato 1998).We suggest that the net effect
of grazing on the aerial cover of shrub species not only operates

at time scales longer than one year, but also depends on the
balance between direct and indirect grazing effects. We propose
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Fig. 1. Climatic data (monthly precipitation and average temperature) at the Experimental Ranch of the National Institute of

Agricultural Technology (INTA) at Rı́oMayo, south of the Occidental District of the Patagonian Phytogeographic Province of Argentina

(León et al. 1998). (a) Precipitation, (b) average temperature. In both panels, historical 1985–2004 records are represented in light grey

bars, and 2005–2006 records are represented in dark grey bars for theMarch–September period before the starting of the experiment, and

in black bars for the October–February experimental period. The accumulated precipitation for period March–September 2005 (before

the starting of the experiment) was 96mm (vs 85mm for the historical record) and for period October 2005–February 2006 (experiment)

was 61mm (vs 36mm for the historical record). Annual accumulated precipitation betweenMarch 2005 and February 2006 was 157mm

(vs 121mm for the historical record). Source: Sistema de Información Patagonia Sur (SIPA 2019).
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that under low localised stocking rates, the aerial cover of
S. filaginoides may decrease because of damage caused by

grazing to their reproductive organs (direct effect). However,
at higher localised stocking rates, the aerial cover of S. filagi-
noides may increase because of the resource liberation brought
about by the loss of aerial cover of more preferred grasses,

shrubs and perennial forbs (indirect effect).
Our results are similar to those of several studies analysing

the long-term effects of grazing in Patagonian steppe: an

increase in the proportion of bare soil (Soriano et al. 1980;
Bottaro 2007; Golluscio et al. 2009), an aerial cover decrease of
preferred grasses (Bertiller and Bisigato 1998; Bottaro 2007;

Graff et al. 2007), and a loss of forb species (Perelman et al.

1997; Bottaro 2007; Golluscio et al. 2009; Cesa and Paruelo
2011). However, in contrast to our study, previous long-term
studies recorded a decrease in aerial cover of litter and standing

dead biomass (Soriano et al. 1980; Golluscio et al. 2009; Cesa
and Paruelo 2011), an increase of aerial cover of non-preferred
grasses (Bertiller and Bisigato 1998; Bottaro 2007; Cesa and

Paruelo 2011), the replacement of preferred by non-preferred
grasses (Perelman et al. 1997; Golluscio et al. 2009; Cesa and

Paruelo 2011), and an increase in shrub cover (Soriano et al.

1980; Bertiller and Bisigato 1998), resulting in significant
changes in floristic composition of the steppe. Most of these
long-term changes may have been the result of indirect grazing

effects rather than direct effects, i.e. the floristic change induced
by the loss of preferred species favouring the increase in aerial
cover of non-preferred species, and the alteration in the N cycle

triggered by this floristic change (Golluscio et al. 2009). The
detection of short-term direct effects is the first step to avoid
such undesirable long-term effects.

Conclusions

This research demonstrates direct short-term responses of
Patagonian steppes to herbivory by using two variables: the aerial

cover dynamics and the frequency of defoliation of different plant
species throughout one growing season. Patagonian grasslands
show high to very high risk of desertification (Perelman et al.

Table 1. Summary of the fixed effects of intercept, days since the start of grazing (Time), localised stocking rate at the transect level (LSR), and their

interaction (Time3LSR) on aerial cover for i5bare soil, litter, preferred and non-preferred species, preferred and non-preferred grasses, preferred

and non-preferred shrubs, preferred and non-preferred perennial forbs and non-preferred annual forbs, and 24 species present in a Patagonian

steppe

Values are model estimates and their respective statistical significance. Statistically significant values are indicated: *P, 0.05; **P, 0.01; ***P, 0.001.

The statistical analysis of the following specieswas performed but theywere not included in the table because theywere not present in the three paddocks along

experiment: Sisyrinchium macrocarpum, Sisyrinchium junceum, Hypochoeris hoockeri (non-preferred perennial forbs) and Gilia laciniata, Doniophyton

patagonicum, Silene magellanicum (non-preferred annual forbs)

Group InterceptA Time LSR Time�LSR

Bare soil 34.5*** 0.05* 0.9 �0.1

Litter 25.7*** 0.01 1.1 �0.00

All preferred species 33.3*** �0.07** �2.4 0.02

All non-preferred species 7.6*** 0.02 0.8 �0.01

Preferred grasses 22.1*** �0.07*** �5.9** 0.04*

Bromus pictus (BP) 1.2** �0.00 �0.3 0.00

Bromus setifolius (BS) 0.1 �0.00 �0.01 0.00

Hordeum comosum (HC) 0.06 �0.00 �0.01 0.00

Poa lanuginosa (PLA) 0.1 �0.00 �0.03 0.00

Poa ligularis (PLI) 13.3*** �0.04** �2.8* 0.02

Pappostipa speciosa (PS) 6.5*** �0.03** �2.1* 0.01

Non-preferred grasses 3.2 0.00 �0.05 �0.00

Pappostipa humilis (PH) 2.0* �0.00 �0.00 0.00

Pappostipa major (PM) 1.1* 0.00 0.07 �0.00

Preferred shrubs 8.7*** 0.00 2.1 �0.01

Adesmia volckmannii (AV) 4.9** 0.00 �0.2 �0.00

Mulinum spinosum (MS) 3.5 0.00 2.5 �0.01

Non-preferred shrubs 2.9** 0.01 �0.1 �0.00

Senecio filaginoides (SF) 2.9 ** 0.01 �0.1 �0.00

Preferred perennial forbs 2.5** �0.01 1.1 �0.01

Adesmia lotoides (AL) 0.04 0.00 �0.01 0.00

Cerastium arvense (CA) 0.4 �0.00 0.04 0.00

Calceolaria polyrhiza (CPO) 1.1* �0.01** 0.5* �0.00*

Leuceria milleforium (LM) 0.8** �0.01 0.07 �0.00

Polygala darwiniana (PD) 0.1 0.01 0.2 �0.00

Non-preferred perennial forbs 0.01 �0.00 �0.01 0.00

Non-preferred annual forbs 0.6*** �0.00** 0.06 �0.00

Camissonia dentata (CD) 0.05 0.00 �0.00 �0.00

Microsteris gracilis (MG) 0.6** �0.00** 0.05 �0.00

AThis fixed intercept is modified by the random effects according to each paddock and transect.
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1997; Del Valle et al. 1998). The early detection of the patterns
and processes that lead to degradation of the arid and semiarid

grasslands is a key technological tool because most signs of
degradation are evident late, when is very expensive to apply

reversion practices (Milton et al. 1994). In terms of adaptive
grazing management, it is important to have indicators of defo-

liation in plants that show signs in the short term and act as early
warning indicators of the use of forage resources mainly in those
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systems characterised by continuous grazing. Therefore, it is
useful to detect which species would be key in detecting direct

effects of grazing in the short term. This study confirmed the
known value of P. ligularis as key species for management
because it is an abundant – but not dominant – preferred grass

with high defoliation frequency, with the most pronounced aerial
cover decreases in the short term as a function of both grazing
duration and LSR. Quantifying the direct effects of sheep grazing

on plants is important for rangelandmonitoring,management and
for the conservation of ecosystem services because short-term
effects may be more easily reversible than long-term ones and
provide early warnings against degradation processes.
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