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ABSTRACT

Over 65% of drylands are used for grazing of managed livestock. Understanding what drives grazing effects on the structure and functioning
of rangelands is critical for achieving their sustainability. We studied a network of 239 sites across Patagonian rangelands (Argentina), which
constitute one of the world’s largest rangeland area. We aimed to (i) evaluate how aridity and grazing affect ecosystem structure and func-
tioning and (ii) test the usefulness of the landscape function analysis (LFA) indices (stability, infiltration and nutrient cycling) as surrogates of
soil functioning. Aridity decreased species richness and the cover of palatable grasses but increased the cover of palatable shrubs. Grazing
pressure negatively impacted the cover of palatable grasses and species richness but did not affect the cover of shrubs. Aridity had direct
and indirect negative relationships with the LFA indices. Grazing pressure had no direct effects on the LFA indices but had an indirect neg-
ative effect on them by affecting vegetation structure. The LFA indices were positively and negatively correlated with soil organic carbon and
sand contents, respectively, suggesting that these indices are useful proxies of soil functional processes in Patagonian rangelands. Our find-
ings indicate that aridity and overgrazing have convergent effects on the structure and functioning of ecosystems, as both promoted reduc-
tions in species richness, the cover of palatable grasses and soil functioning. Rangeland management activities should aim to enhance
species richness and the cover of palatable grasses, as these actions could contribute to offset adverse effects of ongoing increases in aridity
on drylands. Copyright © 2017 John Wiley & Sons, Ltd.
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INTRODUCTION highly palatable species (e.g. McNaughton, 1983).
Divergent results have also been found in relation to the
effects of grazing on the balance between grasses and shrubs
(e.g. Scholes & Archer, 1997; Nano & Clarke, 2010).
Many rangelands are located in arid, semi-arid and dry-
subhumid ecosystems (drylands), which cover about 41%
of the Earth’s land area (MEA, 2005). In these areas, vege-
tation structure exerts a strong control on processes such as
nutrient cycling and infiltration and drives pathways of
energy flow (Aguiar & Sala, 1999). Therefore, changes in
vegetation structure induced by grazing can promote strong
changes in ecosystem functioning in drylands (Adler et al.,
2001; Eldridge et al., 2016). In addition to these indirect
effects, grazing can have direct effects on ecosystem
functioning. For example, herbivores affect physical soil
properties through trampling (Steffens et al., 2008) and

Grazing by managed livestock is a key driver of the structure
and functioning of global rangelands (Asner et al., 2004).
The effects of grazing are, however, variable among ecosys-
tems and depend on factors such as the identity and density
of grazers, the grazing regime and the ecosystem
attribute/process considered (Milchunas & Lauenroth,
1993; Eldridge et al., 2016). For example, the effects of
grazing on species richness range from positive (Waters
et al., 2016) to negative (Angassa, 2014). Depending on her-
bivore preferences, grazing generally reduces the abundance
of palatable species and increases that of unpalatable species
(Hendricks et al., 2005). However, several studies have also
demonstrated that grazing can increase the abundance of
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effects of grazing on vegetation structure and on ecosystem
processes sustaining the production of forage, such as nutri-
ent cycling and infiltration (Milton et al., 1994), is critical to
promote a more sustainable use of rangelands (Augustine &
McNaughton, 1998; Eldridge et al., 2016).

The assessment and adjustment of grazing management
practices require routine monitoring of ecosystem function-
ality (Pyke et al., 2002). Measuring surrogates of ecosystem
functioning in situ, such as the on-site retention of water and
nutrients (Valentin ef al.,, 1999) or plant productivity (Cox
et al., 2006), is time-consuming and costly and may require
laboratory equipment that is not available in all areas, partic-
ularly in developing countries. To overcome this, different
monitoring methodologies based on readily measured soil
and vegetation indicators have been developed over the last
two decades (e.g. NRC, 1994; Tongway & Hindley, 2004;
Herrick et al., 2005). One of the most widely adopted meth-
odologies is the landscape function analysis (LFA) devel-
oped in Australian rangelands (Tongway & Hindley,
2004). This method uses readily observable soil surface in-
dicators, which are combined in three soil indices (stability,
infiltration and nutrient cycling) that assess the degree to
which resources tend to be retained, used and cycled within
the ecosystem (Tongway & Hindley, 2004). Several studies
have shown significant relationships between the LFA indi-
ces and quantitative measurements of these functions in dry-
land ecosystems from around the world (Ata Rezaei et al.,
2006; Maestre & Puche, 2009; Mayor & Bautista, 2012;
but see Seaborn, 2005), and these indices are also being used
to evaluate grazing impacts on ecosystem functioning
(Soliveres & Eldridge, 2014; Eldridge et al., 2016).

The Argentinian Patagonia (southern South America) is
one of the world’s largest rangelands. In this region, gua-
nacos (Lama guanicoe) are the largest native herbivore
and were present in large numbers over the past
~10,000 years before grazing by sheep were introduced
about 130 years ago (Lauenroth, 1998). It has been hy-
pothesized, therefore, that Patagonian rangelands have
had a long evolutionary history of herbivory (Lauenroth,
1998). This strong selection pressure would have been
complementary to that exerted by the arid climate of this
region, resulting in plant species that are well adapted to
both grazing and aridity (Milchunas ef al., 1988). While
Patagonian drylands would, to some extent, be resistant
to grazing, there is evidence that overgrazing by domestic
livestock is a major anthropogenic force leading to their
desertification (del Valle et al, 1998). Several local-scale
studies have shown that the commercial intensification of
grazing has dramatically altered the structure of Patagonian
rangelands (e.g. Aguiar et al., 1996; Bisigato & Bertiller,
1997; Perelman et al., 1997). However, there is a lack of
studies evaluating the effects of grazing on ecosystem
functioning at the regional scale and the factors controlling
them. We aimed to do so using data available from the
MARAS (Spanish acronym for ‘Environmental Monitoring
for Arid and Semi-Arid Regions’) network, which consists
of 350 monitoring sites located across a broad
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environmental gradient in Patagonia (Oliva et al., 2011).
This monitoring network is based conceptually on the
LFA methodology, but the functional LFA soil indices
have not been validated in this region. This is a crucial
step to test whether these indices adequately reflect the
processes and functions that they aim to represent in Pata-
gonian rangelands. Therefore, in this study, we have two
objectives: (i) to evaluate how climate (aridity) interacts
with grazing pressure to affect vegetation structure and soil
functioning across Patagonia and (ii) to assess the relation-
ships between the LFA indices and soil variables acting as
surrogates of water availability and biogeochemical pro-
cesses in drylands [soil organic carbon (SOC), total N
and texture]. Our hypotheses are as follows: (i) aridity
and grazing affect the structure and functioning of ecosys-
tems in a similar way and (ii) the LFA indices are useful as
surrogates of ecosystem functioning across Patagonian
rangelands.

MATERIALS AND METHODS

Study Area

The study area is an 800,000-km? territory of Patagonian
drylands, in southern Argentina. Mean annual precipitation
and temperature range from 100 to 750 mm, and from 4-5°
C to 16°C, respectively. The vegetation is dominated by
grasslands, shrub-grass steppes and shrublands. The soils
are sandy and loam-sandy textured, with little development
of pedogenic horizons, and belong mainly to Aridisols and
Entisols orders (del Valle, 1998).

Vegetation and Climatic Data

We were able to obtain data on stocking rate for 239 sites
from the MARAS network (Figure 1). These sites were
located in flat areas (slope < 10%) within ranches and
display the typical diversity of livestock and rangeland
management conditions found in Patagonia. Within each
site, we placed two 50-m-long transects spaced 6-5 m apart
on which we conducted vegetation surveys using the point-
intercept method (Miiller-Dombois & Ellenberg, 1974).
Along each transect, we recorded the type of ground surface
(plant species, bare soil or litter) every 20 cm (500 records
per site). The cover of annual species in our sites was
generally below 1%; thus, we recorded only perennial
species. The number of perennial plant species recorded
was used as our surrogate of species richness. The cover of
a given species was calculated as the total number of records
for that species in relation to the 500 records registered at
each site. Each species was classified from O to 5 according
to their preference by livestock (0: very low preference,
species that are never or seldom eaten by livestock; 5: very
high preference, species that are always eaten by livestock
when present) following Somlo et al. (1985) and Nakamatsu
et al. (1998). This classification is based on the floristic
composition of herbivore diets determined through micro-
histological analysis of faeces. Similar methodologies are
commonly used to classify the palatability of plant species
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Figure 1. Location of sampling sites (blue dots), with some examples of
the vegetation types studied. [Colour figure can be viewed at
wileyonlinelibrary.com]

in rangelands worldwide (e.g. Bakare & Chimonyo, 2011).
Species-specific cover values were grouped into unpalatable
(classes 0 + 1) and palatable (classes 4 + 5) grasses and
shrubs (see Table S1 for a full species list). We did not con-
sider forbs and legume herbaceous vegetation in our analyses
because their cover was very low across all the study sites:
5-6 +£7-6% (mean + standard deviation). The aridity [1 — arid-
ity index (AI), where Al is precipitation/potential evapo-
transpiration] of each site was obtained from the Global
Potential Evapotranspiration database (Zomer et al., 2008),
which is based on interpolations provided by WorldClim
(Hijmans et al., 2005).

Estimating Aboveground Net Primary Productivity

We used the annual integral of normalized difference
vegetation index (I-NDVI), which has been shown as a good
estimator of aboveground net primary productivity (ANPP;
Prince, 1991). We acquired NDVI data from the MOD13Q1
product from MODIS, which provides 23 data per year with
an approximated pixel size of 250 m x 250 m (Justice et al.,
2002). We calculated I-NDVI for 11 growing seasons (from
2000 to 2001 to 2010-2011) as the sum of 23 data from July
until June of the following year. The mean I-NDVI of the 11
growing seasons was used as our surrogate of ANPP for
each site. Data were extracted for the pixel containing the
field site; this results in a mismatch scale between stocking
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rate (which are for the whole ranch; refer to subsequent text)
and I-NDVI data. However, we believe that this spatial
mismatch is reduced because the field sites were located in
the most representative plant community of each ranch. To
test that this is the case, we compared the I-NDVI of the site
surveyed with the I-NDVI extracted from a square of
5,000 hectares centred in this site and repeated this for 85
randomly selected sites. We used 5,000 hectares because
is about the average size of Patagonian ranches
(MECON, 2002). We found a very close relationship
between the field-sampled pixel and the 5,000-hectare
I-NDVI values (Figure S2), suggesting that our ANPP
estimates in the sampled area are representative of the
whole ranch area.

Stocking Rate Data

We gathered stocking rate data directly from the land man-
agers of the ranches where each site was located. For every
surveyed site, we gathered information on the area of the
ranch and the average number of sheep, cows, goats and
horses feeding in the area during the last 5 years. We
calculated stocking rate as livestock biomass per hectare.
Livestock biomass was estimated as the product between
the number of animals of each species and the individual
average mass for each of them (according to national
statistics; MECON, 2002): 37 kg for sheep, 400 kg for cows,
17 kg for goats and 200 kg for horses. In the region, grazing
management is generally continuous, that is, the animals
stay in the same paddock throughout the year (Golluscio
et al., 1998; Oliva et al., 2012).

Oesterheld et al. (1998) found a positive relationship be-
tween stocking rate and I-NDVI in Argentinian rangelands.
According to these authors, this relationship could be used
to (i) infer the ‘average’ stocking rate that would be
expected for a given site and (ii) indicate potential cases of
overgrazing or underutilization. Following their approach,
we analysed the relationship between I-NDVI and stocking
rate and used the residuals of this relationship as our proxy
of grazing pressure (Oesterheld ef al., 1998). Positive values
of these residuals would indicate overgrazing in a given site
(i.e. observed stocking rate greater than predicted ‘average’
stocking rate that would be expected according to the empir-
ical regional pattern), while negative values would indicate
resource underutilization.

Measuring Soil Functional Attributes

Within each site, we placed a third 50-m-long transect, in
which we collected a continuous record of vegetation and
bare patches. From these records, we obtained the vegetation
basal cover. In the first ten bare soil patches located along
this transect, we evaluated 11 soil surface indicators
(Supporting Information S3) following a semi-quantitative
scale according to the guidelines of Oliva et al. (2011) and
Tongway & Hindley (2004). These indicators were further
combined to obtain the three LFA indices (stability, infiltra-
tion and nutrient cycling) as described in Tongway &
Hindley (2004).
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In each site, we obtained five subsamples (depth O-
10 cm) from the centre of randomly selected bare soil
patches, which were pooled to obtain one composite soil
sample. After field collection, the soil samples were taken
to the laboratory, where they were air dried, sieved
(2-mm mesh) and stored for laboratory analyses. The
following soil variables were measured as surrogates of
soil functioning in a subset of sites: SOC (Walkley-Black
method; 255 sites), total N (Kjeldahl method; 215 sites)
and texture (pipette method; 167 sites). SOC and total N
were positively correlated (Pearson r = 0.93,
p < 0-0001), while the texture fractions are inter-
dependent. Thus, we selected for further analyses only
SOC and sand content, which have been found to play a
key role in controlling water availability, plant community
structure and biogeochemical processes in drylands (Mills
et al., 2009).

Data Analysis

We conducted Pearson correlation analyses between LFA
indices and soil variables. We used the structural equation
modelling (SEM) to evaluate the relative importance and
direct/indirect effects of aridity and grazing pressure as
drivers of variations in structural and functional ecosystem
attributes. We used as our response variable a latent
variable: soil functioning. Latent variables are typically used
to represent concepts, and they are not, in themselves,
measured directly. Instead, they are informed by one or
more variables that are indicators or proxies (Grace, 2006).
In our study, we used the three LFA indices as indicators
of our latent variable. SEM involves the testing of a priori
model developed to understand how multiple factors affect
our variable of interest (Grace, 2006). Following current
ecological knowledge, we hypothesized a unique a priori
model that shows hypothesized relationships between
variables (Supporting Information S4) and tested their fit
to our data. We used Xz, normed fit index and root mean
square error of approximation index as measures of model
fit (Grace, 2006). Path coefficients estimates were obtained
using the maximum likelihood estimation technique; they
are equivalent to standardized partial regression coefficients
and are interpreted as relative effects of one variable upon
another (Grace, 2006). Statistical analyses were performed
with spss 17-0 (SPSS Inc, Chicago, IL, USA) and AMOS
18-0 (SPSS Inc, Chicago, IL, USA).

RESULTS

Effects of Aridity and Grazing Pressure on Structural and
Functional Ecosystem Attributes

The stocking rate was positively related to our surrogate of
ANPP (I-NDVI, Figure 2). Our a priori SEM (Supporting
Information S4) was consistent with our data, as indicated
by the results from the different goodness-of-fit tests
employed (){2 = 2496, p = 0-16, d.f. = 19; normed fit
index = 0-97 and root mean square error of approximation

Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 2. Relationship between the annual integral of NDVI (normalized

difference vegetation index, I-NDVI) and stocking rate for the 239 sites

studied across Patagonia. [Colour figure can be viewed at
wileyonlinelibrary.com]

index = 0-03; Figure 3). This model explained 65% of the
variation found in soil functioning. Additionally, our SEMs
explained 20% and 50% of the variation found in the cover
of palatable grasses and species richness, respectively.
However, these values dropped to <5% for the cover of
unpalatable grasses and both palatable and unpalatable shrubs.

Aridity had a direct negative effect on species richness
and palatable grasses, and a direct positive effect on palat-
able shrubs (Figure 3). Aridity showed a significant direct
negative relationship with soil functioning. Grazing pressure
had direct negative effects on palatable grasses and species
richness. Grazing pressure was not directly related to soil
functioning but had an indirect negative effect on it medi-
ated by the positive direct effect of palatable grasses and
species richness on this variable.

Aridity was the variable with the largest total effects on
the structural vegetation attributes except for unpalatable
grasses, where grazing pressure had greater total effect
(Table I). Aridity was also the variable with the higher total
effects (negative) on soil functioning. About 60% of the
total effect of aridity was direct, and the remainder was
mediated by vegetation structure (Figure 4). Palatable
grasses and species richness had positive total effects on soil
functioning, which were about 70% and 40% of the total
effects of aridity. Grazing pressure had only indirect
negative effects on soil functioning, which was about 25%
of the total effects of aridity (Figure 4).

LFA Indices as Surrogates of Soil Functioning

The three LFA indices (stability, infiltration and nutrient
cycling) were significantly related to the surrogates of soil
functioning evaluated. SOC was the variable that showed
the highest positive correlations with these indices (Pearson
r =0-38, 0-50 and 0-64 for stability, infiltration and nutrient
cycling indices, respectively; n = 255, p < 0-001 in all
cases). The stability and nutrient cycling indices were
negatively correlated with sand content (Pearson » = —0-36
and —0-28, respectively; n = 167, p < 0-001 in both cases).
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Table I. Standardized direct (SDE), indirect (SIE) and total (STE)
effects of aridity and grazing pressure on species richness and the
cover of palatable and unpalatable shrubs and grasses

Aridity Grazing pressure
Species richness SDE —0-19 —0-14
SIE —0-27 —0-16
STE —0-46 —0-30
Palatable shrubs SDE 0-20 —0-03
SIE — —
STE 0-20 —0-03
Unpalatable shrubs SDE 0-09 —0-05
SIE — —
STE 0-09 —0-05
Palatable grasses SDE —0-45 —0-28
SIE — —
STE —0-45 —0-28
Unpalatable grasses SDE 0-01 0-10
SIE — —
STE 0-01 0-10
DISCUSSION

Unlike previous case studies assessing grazing effects (e.g.
Aguiar et al, 1996; Cipriotti & Aguiar, 2012), or meta-
analyses (Eldridge & Delgado-Baquerizo, 2016), our study
includes a large number of field sites scattered over a large
area comprising a wide variation in environmental condi-
tions and surveyed using a standardized protocol. Thus, it
provides important and novel insights into the effects of
grazing on ecosystem structure and functioning, and how
climate controls them, at the regional scale. According to

Copyright © 2017 John Wiley & Sons, Ltd.
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our first hypothesis, our findings suggest that aridity and
overgrazing have convergent effects on structure and func-
tioning of Patagonian rangelands, as both promoted reduc-
tions in species richness, the cover of palatable grasses and
surrogates of soil functioning. Moreover, we found that
readily-to-measure indicators, such as the LFA indices, are
good surrogates of soil variables linked to key ecosystem
functional attributes, which agrees with our second
hypothesis.

Relationship Between I-NDVI and Stocking Rate

Oesterheld e al. (1998) found a very strong (> = 0-90)
positive relationship between I-NDVI and stocking rate. In
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our study, we also found a positive relationship between
these variables, although it was substantially weaker
(** = 0-16). This may be due to the differences in scale
between the two studies; Oesterheld er al. (1998) worked
with aggregate data at the county level, while we used data
at the single ranch level. At the ranch level, factors other
than primary productivity can affect stocking rate (e.g. land
manager decisions, climatic events and predation). Despite
this potential noise, we obtained a significant empirical
model at the regional scale that allowed us to estimate the
overutilization or underutilization of each site in relation to
its productive potential.

Effects of Aridity and Grazing Pressure on Structural and
Functional Ecosystem Attributes

Aridity had a major effect on vegetation structural attributes.
We found a trend towards the increase and reduction in the
cover of shrubs and grasses in the drier sites, respectively.
Drought stress increases with aridity in water-limited eco-
systems, which could explain the dominance of deep-rooted
species, such as shrubs, at the drier sites. In addition, we
found a decline in the cover of palatable grasses, while the
cover of unpalatable grasses was not affected as aridity in-
creases. Our findings are consistent with the hypothesis that
aridity and grazing impose convergent selective pressures on
grasses, such that traits selected for aridity would help plants
to avoid or tolerate herbivory, and vice versa (Coughenour,
1985; Milchunas et al., 1988).

Increases in grazing pressure reduced the cover of palat-
able grasses but had no effects on that of unpalatable
grasses. These results suggest that as grazing pressure in-
creases, the major shift occurring within this functional
group is a relative increase in the cover of unpalatable
grasses. However, we do not rule out that the size of the ef-
fect of grazing pressure on the cover of palatable and unpal-
atable grasses could be higher if we accounted for historical
grazing. We acknowledge that this is a limitation in our ap-
proach, as most Patagonian ranches do not have historical
records of stocking rate. Our study area has been grazed
for over 100 years, during which global stock was variable:
the maximum stock of sheep was 18 million of heads in
1958, while in 2014 it was about nine million (MINAGRI,
2015). Therefore, our field-measured structural and
functional ecosystem attributes may be affected not only
by recent grazing pressure but also by historic grazing
pressure over the past century.

The conversion of grasslands to shrublands is a global
phenomenon (Eldridge et al., 2011) that is often associated
with increases in grazing pressure (Buffington & Herbel,
1965; Scholes & Archer, 1997; Peng et al., 2013). Some
studies have found evidence that grazing tends to reduce
the cover of palatable grasses, and to increase that of
shrubs, in subhumid Patagonian grasslands (Bertiller
et al., 1995; Aguiar et al., 1996). However, in our study,
the cover of palatable and unpalatable shrubs was not
affected by grazing pressure. This suggests that shrub en-
croachment driven by grazing is not a general phenomenon

Copyright © 2017 John Wiley & Sons, Ltd.

in Patagonian rangelands. Our findings agree with those of
previous case studies conducted in arid ecosystems of
Patagonia, which have also found that grazing does not
trigger shrub encroachment (Adler et al, 2005; Cipriotti
& Aguiar, 2012).

We found a decrease in species richness as grazing
pressure increased. This is consistent with predictions by
Milchunas & Lauenroth (1993). According to these authors,
in dry environments with nutrient-poor soils and a long evo-
lutionary history of grazing (such as Patagonian rangelands;
Adler et al., 2005), grazing pressure is expected to nega-
tively impact species richness. This can be caused by in-
creasing rates of local extinction due to grazing-induced
modifications of soil and vegetation attributes, which affect
plant recruitment by altering the microclimate and/or topsoil
properties, and by promoting greater mortality after germi-
nation (Milton et al., 1994).

While grazing did not directly impact soil functioning, as
we hypothesized in the a priori model, it had an indirect
negative effect on this ecosystem attribute, mediated by its
negative effect on both species richness and the cover of
palatable grasses. The positive effects of species richness
on soil functioning observed are consistent with previous
findings from the same region showing a positive effect of
species richness on ANPP (Gaitdn et al., 2014a) and on
the resistance of ANPP to drought (Gaitan et al., 2014b).
Our findings also agree with the growing literature showing
positive effects of plant species richness and cover on
ecosystem functioning at multiple spatial scales in drylands
(e.g. Maestre et al., 2012; Gherardi & Sala, 2015). Similarly,
the cover of palatable (but not unpalatable) grasses had a
positive effect on soil functioning. These results could be
driven by the links existing between palatability, growth rate
and litter decomposition (Augustine & McNaughton, 1998).
Unpalatable species usually have higher contents of second-
ary compounds such as lignin and phenolics, which reduce
herbivory and the decomposition of their litter compared
with more palatable species (Wardle et al., 2002). Therefore,
ecosystems dominated by palatable grasses may have en-
hanced nutrient and carbon cycling (Moretto et al., 2001).
Furthermore, we hypothesize that the proportion of biomass
of palatable grasses consumed by herbivores increases with
grazing pressure, thereby reducing the input of organic mat-
ter to the soil. This may reduce the stocks of SOC, and thus
those functions associated to it (such as stability and infiltra-
tion capacity). The lack of a direct effect of grazing pressure
on soil functioning was unexpected because in many
rangelands, trampling by herbivores disrupts physical and
biological crusts, altering the redistribution of nutrients and
water in the soil and increasing erosion (Allington &
Valone, 2010). Our results can likely be explained by the
coarse texture that is prevalent in the soils studied (the mean
sand content across all sites was 70-5%, SD = 16-:6%), as
these soils do not develop a physical and biological crust
(Belnap, 2006). Therefore, the direct effect of grazing
pressure on soil functioning through trampling can be
reduced in these rangelands.
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LFA Indices as Surrogates of Soil Functioning

The relationships among the LFA indices and the soil
variables measured are in accord with other studies in
drylands showing that these indices are strongly related
to quantitative measures of ecosystem processes such as
soil aggregate stability, infiltration capacity, soil nutrient
contents, respiration and ANPP (e.g. Ata Rezaei ef al,
2006; Maestre & Puche, 2009; Mayor & Bautista,
2012). In our study, SOC was strongly and positively
correlated with the three LFA indices. These results are
not surprising because many physical, chemical and bio-
logical soil properties are directly related to SOC, includ-
ing the biogeochemical cycling of nutrients such as
carbon and nitrogen (McGill & Cole, 1981) and the for-
mation and stabilization of soil aggregates (Tisdall &
Oades, 1982). Furthermore, the stability index was nega-
tively related to sand content. Soils comprising more clay
and silt-rich materials can have greater inter-particle
bonding, leading to greater soil aggregate stability
(Walker, 2012). Our results thus suggest that the LFA
indices are useful proxies of key soil functional processes
and indicators of ecosystem health in rangelands world-
wide (Pyke et al, 2002; Akiyama & Kawamura, 2007).

Conclusions and Implications for Rangeland Management

Our results indicate that overgrazing could shift vegetation
composition towards a relative dominance of species
avoided by grazers, which could reduce forage productivity.
In addition, our results have important implications in the
context of ongoing climate change, as climatic models
predict an increase in aridity for drylands worldwide (Huang
et al., 2016). Forecasted increases in aridity could accentuate
the negative effects of overgrazing on ecosystem function-
ing by inducing a reduction in the richness and cover of
palatable grasses, which exert positive effects on soil
functioning. These changes could reduce the capability of
Patagonian rangelands to provide essential ecosystem
services on which humans depend, such as forage produc-
tion and carbon sequestration. Our results also suggest that
maintaining and enhancing the cover of palatable grasses
and species richness with appropriate livestock management
could mitigate the negative effects of climate change on eco-
system functioning. The adjustment of grazing management
practices requires routine monitoring of ecosystem health,
for which land managers should regularly assess the compo-
sition of vegetation (cover of shrubs, palatable and unpalat-
able grasses) and the status of the soil surface using ready-
to-measure indicators such as the LFA indices, which have
been proven to be good surrogates of ecosystem
functioning.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Table S1. List of palatable and unpalatable shrubs and
grasses. The identification of species was carried out accord-
ing to Correa (1969, 1971, 1978, 1984, 1985, 1988, 1999).
Figure S2. Relationship between the annual integral of Nor-
malized Difference Vegetation Index (I-NDVI) in the pixel
where the field sampling site was located and the mean I-
NDVI calculated from a square of 5,000 hectares centered
on each site location. N = 85 sites randomly chosen.
Appendix S3. Obtaining Landscape Functional Analysis in-
dices from Tongway & Hindley’s methodology (Tongway
& Hindley 2004) modified by Oliva et al. (2011)

Figure S4. A priori conceptual model depicting pathways
by which aridity and grazing pressure may influence directly
or indirectly (through its influence on vegetation structure)
upon soil functioning latent variable. Arrows indicate a hy-
pothesized causal influence of one variable upon another.
The numbers in the arrows denote example references used
to support our predictions, which can be found below. SR:
species richness. US: unpalatable shrubs cover. PS: palat-
able shrubs cover. UG: unpalatable grasses cover. PG: palat-
able grasses cover. STA: stability index. INF: infiltration
index. NUT: nutrient cycling index.
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