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Abstract

We analysed the density, bunch size, and spatial patterning in relation to the shrubby matrix of the
three dominant perennial grasses of the Patagonian Monte with different functional traits related to
resource acquisition/conservation, mesophytism/xerophytism, and reproductive strategy. Field
sampling was carried out at grazed (low and high grazing pressure) and excluded from grazing
(15 years) sites. Grazing disturbance did not change the cover of the shrubby matrix but modified its
spatial structure leading to increased density and reduced diameter of shrub patches. Changes in the
abundance of perennial grass species among sites may be primarily attributed to a high direct effect
of grazing on the species with the most mesophytic and acquisitive traits (N-rich green tissues, high
leaf production, and low lignin concentration in leaves). Under grazing exclusion, this species was the
most associated with shrub patches. The other perennial grass species either did not reduce or
increased their abundance with grazing. The species with a mix of mesophytic and xerophytic traits
was found with high frequency at inter-patch microsites. The most xerophytic and conservative
species occupied vacant microsites either between shrub patches or at shrub-patch centres. However,
the three species were increasingly concentrated under shrub canopies with increasing grazing
pressure. This fact stresses the importance of shrub patches as biotic refuges for perennial grasses
with low anti-herbivore defences.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plant cover usually displays some degree of spatial heterogeneity that can be identified at
different scales (Dale, 1999) influencing biogeochemical fluxes, biotic/abiotic interactions,
and plant responses to disturbance at different organisation levels (de Blois et al., 2002). In
arid ecosystems, the vegetation is patchily distributed forming a two-phase mosaic
composed by discrete units of high plant cover (shrub patches) distributed on a matrix of
bare soil and/or scattered herbaceous plants (Aguiar and Sala, 1999). Shrub patches
concentrate nutrients, water, organic matter, litter, seeds, and microbiological activity and
modify the abiotic environment (Bertiller, 1998; Schlesinger and Pilmanis, 1998). This in
turn promotes the emergence, establishment, and growth of perennial grasses and other
herbaceous plants in the neighbourhood of shrub patches (Aguiar and Sala, 1999; Bisigato
and Bertiller, 2004). Additionally, due to the presence of physical and chemical defences
against herbivores, shrubs have poor food quality, are occasionally grazed (Baldi et al.,
2004; Lauenroth, 1998), and protect preferred perennial grasses from grazers under their
canopies (Milchunas and Noy-Meir, 2002).

Grazing by domestic herbivores affects the spatial structure and floristic composition of
arid plant communities inducing fine-scale spatial modifications in the availability of soil
resources (Rietkerk et al., 2000; van de Koppel et al., 2002). These changes affect the
quantity and quality of microsites available for the emergence and recruitment of perennial
grass populations (Bisigato and Bertiller, 2004; Cheplick, 1998; Oesterheld and Sala, 1990).
This plant life form is one of the most preferred by large herbivores and sensitive to
continuous grazing disturbance (O’connor, 1991). The removal of green tissues by grazers
may lead to reduced bunch vitality, increased bunch death, and reduced sexual recruitment
by reduced seed rain (Augustine and McNaughton, 1998; Ferraro and Oesterheld, 2002;
O’connor and Everson, 1998).

Many studies described responses to grazing of herbaceous plants in terms of species
abundance at different arid and semiarid ecosystems (e.g. Adler et al., 2005; McIntyre and
Lavorel, 2001; Vesk and Westoby, 2001). Other studies analysed the effect of grazing on
the spatial distribution of perennial grass species in relation to the shrubby matrix and
found that perennial grasses could display random, associated, or dissociated spatial
distributions with respect to shrubby canopies (Abule et al., 2005; Cipriotti and Aguiar,
2005; Landsberg et al., 1999). However, the causes of differences in the spatial patterning
among species of this life form with low anti-herbivore defences have been scarcely studied.
These differences among perennial grass species could be associated with differences in
their functional traits (Augustine and McNaughton, 1998; Craine, 2005; Hutchings et al.,
2003). In this sense, species with high relative growth rate, low leaf mass per area, high
nitrogen concentration, and low physical/chemical defences in green tissues (Diaz et al.,
2004; Hartley and Jones, 1998; Westoby et al., 2002) could be benefited from the high
resource availability and anti-herbivore protection under shrub canopies (Hutchings et al.,
2003; Milchunas and Noy-Meir, 2002). In contrast, slow-growing perennial grasses with
high investment in structural tissues could better tolerate both abiotic stress and herbivory
at less protected resource-poor inter-patch spaces (Augustine and McNaughton, 1998;
Grace, 1998; Hutchings et al., 2003). To test these hypotheses, we selected three dominant
perennial grasses with contrasting functional traits and assessed their abundance (density,
bunch size) and spatial patterning in relation to the shrubby matrix at sites with different
grazing pressure in the arid Patagonian Monte.
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2. Methods
2.1. Study area

This study was carried out in the Patagonian Monte, at the northeastern portion of
Chubut province, Argentina (42-44°S and 64-68°W) (Leon et al., 1998). Mean annual
precipitation is 235.9 mm with high mean inter-annual variation (wWww.centropatagoni-
co.com). Although the inter-seasonal variation of precipitation is low, a relative maximum
occurs in autumn—winter. Soils are a complex of typical petrocalcids—typical haplocalcids
(Soil Survey Staft, 1998).

The study sites were located within a representative area of the dominant community of
Larrea divaricata Cav. and Stipa spp. (Leon et al., 1998). Vegetation covers from 40% to
60% of the soil and it is patchily arranged (Bisigato and Bertiller, 1997). Large shrub-grass
patches are characterised by an upper layer (1-2m) dominated by tall shrubs
(L. divaricata, Schinus johnstonii Barkley, Chuquiraga hystrix Don., Atriplex lampa Gill.
ex Moq., and Lycium chilense Miers ex Bert.), an intermediate layer (0.3—1 m) composed by
dwarf shrubs (Nassauvia fuegiana (Speg.) Cabrera, Junellia seriphioides (Gillies and Hook)
Mold., and Acantholippia seriphioides (A. Gray) Mold.), and a low layer (0.1-0.4m)
dominated by perennial grasses (Stipa tenuis Phil., S. speciosa Trin. and Rupr., and Poa
ligularis Nees ex Steud) (Bisigato and Bertiller, 1997). Nomenclature follows Correa
(1971-1999). In this region, sheep grazing was introduced at the beginning of the past
century and is usually organised in ranches of about four large paddocks of ca. 2500 ha
each sharing a single permanent watering point (Ares et al., 2003).

2.2. Perennial grass species and functional traits

We selected the three dominant perennial grass species in the Patagonian Monte:
P. ligularis, S. tenuis and S. speciosa, which constitute more than 90% of herbaceous
biomass of the plant community. Other perennial grass species appear at very low frequency
and biomass at both grazed and non-grazed arecas. We characterised each perennial grass
species through 10 functional traits related to resource acquisition/conservation, mesophyt-
ism/xerophytism, apparency (sensu Feeny, 1976), and reproductive strategy. Accordingly,
high values of lignin concentration in leaves, seed length, LMA, leaf pubescence, and plant
height were interpreted as characteristic of conservative/xerophytic plants while high values
of leaf turnover, leaf production, leaf length, and nitrogen concentration in leaves were
interpreted as acquisitive/mesophytic traits (Adler et al., 2004; Diaz et al., 2004; Hartley and
Jones, 1998; Westoby et al., 2002). Dioecy in P. ligularis could be interpreted as an
intermediate acquisitive/conservative strategy since the sexes of this species show spatial
segregation with males occupying more xerophytic microsites than females (Bertiller et al.,
2002b). The values of eight of these traits were taken from previous studies: nitrogen
concentration in green leaves, leaf mass per area (Bertiller et al., 2005), rate of leaf turnover
(Carrera et al., 2000), leaf length, leaf pubescence, plant height, seed length, and reproductive
strategy (monoecy/dioecy) (Correa, 1978). Lignin concentration in green leaves and the rate
of leaf production were assessed in this study. We measured lignin concentration in green
leaves of bunches of the three perennial grass species collected in May—June of 2000 and
2001 by the van Soest (1963) procedure. We assessed the rate of leaf production as the mean
number of new leaves emerged per tiller and per week in 10 randomly selected individuals of
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each species (one tiller per individual) at 15-day intervals in a non-grazed area located in
Estancia San Luis during the growing season from August (mid-winter) 2003 to January
(mid-summer) 2004. We performed a principal components analysis (PCA) to identify
associated traits using the matrix of binary correlations between traits. For ordination of
perennial grass species according to these traits, we further calculated the loading coefficients
of each species with respect to the first two principal components (Norusis, 1997).

2.3. Field sampling

We selected five paddocks of 2500 ha each with the usual stocking rate for the area
(0.17-0.22 sheep per ha). Three of them were located at Estancia San Luis (42°39'S,
65°23'W) and the other two paddocks were located at Estancia El Milagro (42°43'S,
65°38'W). Within each paddock, we selected two sites of about 2 ha each at 0.5-1 km and
at 4-5km from the permanent watering point. Based on previous analysis on floristic
composition, faeces counts, and plant patterning (Bisigato and Bertiller, 1997; Bertiller
et al., 2002a), we assumed that these locations correspond to sites with high (H) and low
(L) past and present grazing pressure, respectively. To test this assumption, we assessed the
density of sheep paths at four transects (50m in length) placed along the arc of an
imaginary circle around the watering point at both sites within each paddock (Pringle and
Landsberg, 2004). We registered the number of well-defined sheep paths crossing each
transect, taking special attention in avoiding small runoff paths. Minor local anastomoses
were considered as single tracks. The significance of the differences in the density of sheep
paths per km between L and H sites was assessed by paired-samples T-test (Norusis, 1997).

We further selected two sites of about 2 ha each excluded from grazing for at least the
last 15 years (EX) within paddocks of ca. 2500 ha. The paddocks were separated 10 km one
from the other and were situated at Estancia Gallastegui (42°44'S, 65°07’W) and at Laguna
Blanca (42°48'S, 65°08'W).

At each site (EX, L, and H at each paddock), we delimited four 50 m linear transects
(two SW to NE and two NW to SE oriented) and recorded the position and intercepted
diameter of shrub patches and bunches of the three dominant perennial grass species along
each transect. We defined a grass bunch as a group of tillers isolated from other group of
the same species by a minimum distance of 5cm and a shrub patch as a discrete cluster of
shrub canopies separated from other cluster by at least 5cm of bare soil.

2.4. Abundance of perennial grasses and shrub patches

At each site, we calculated the mean density (number of bunches per 50 m-transect) and
mean intercepted diameter of each perennial grass species, and the mean cover, density
(number of shrub patches per 50 m-transect), and intercepted diameter of shrub patches. The
significance of the differences in these variables among sites (EX, L, and H) was assessed by
means of one-way ANOVA after testing for statistical assumptions (Norusis, 1997).

2.5. Spatial patterns of perennial grasses
The spatial pattern of perennial grasses in relation to shrub patches was assessed by

analysing the relative frequency distribution of distances between the centre of each
perennial grass bunch and the nearest shrub patch border along each transect. We assigned
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negative distance values to bunches located inside shrub patches and positive values to
those located at the open inter-patch spaces. Zero distances corresponded to bunch centres
at the shrub patch border. We pooled the measured distances at the four transects within
each site and paddock and calculated the relative frequency distribution of distances using
distance classes of 25cm (n = 10). Then, we estimated the overall relative frequency
distribution of distances of each perennial grass species for EX, L, and H sites as the mean
of the relative frequency of each distance class across paddocks. It should be noted that
distances of grass bunches to shrub patch borders could be larger or lower than mean
intercepted diameters of shrub patches at each site.

We compared the observed relative frequency distributions with those expected by
assuming a null bivariate spatial process (independence between the spatial patterns of
shrubs and perennial grasses) following the approach proposed by Wiegand and Moloney
(2004). Confidence intervals of the null model for each site and paddock were built by
randomising (1000 times) the position of the grass bunches (all species pooled) in relation to
shrub patches along each transect. After that, we generated 1000 random frequency
distributions of the distances of perennial grasses to shrub patch borders for EX, L, and H
sites by averaging the relative frequency of each distance class obtained from each
randomisation across paddocks. Randomisations were achieved using the PopTools package
(www.cse.csiro.au/CDG/poptools). We used the Bonferroni correction (alpha/number of
distance classes) for estimating the confidence intervals in order to obtain a global error of
5% for each species at each site. We considered deviations from the null model when the
observed frequency at each distance class was higher or lower than the maximum or the
minimum limit of the confidence interval, respectively (Manly, 1997). Moreover, we assigned
the values —1, 0, or 1 to each distance class when the observed frequencies were lower, equal,
or higher, respectively, than those expected by the null model. Thus, we obtained one vector
(n = 10) per species and site (EX, L, and H) of deviations from the null model. We
performed PCA using the matrix of binary correlations between vectors (Norusis, 1997) for
clustering species per site with similar deviations from the null model.

3. Results
3.1. Functional traits of perennial grasses

Most acquisitive/mesophytic traits were clustered at negative values of PCA axis 1 (71%
of the total variance) while conservative/xerophytic traits were grouped at positive values
of PCA axis 1. On this PCA axis, S. speciosa was clustered with high values of lignin
concentration in leaves, leaf mass per area, seed length, and plant height. In contrast,
S. tenuis and P. ligularis had almost the same negative value on PCA axis 1 but differed on
PCA axis 2 (29% of the residual variance). High N concentration in leaves, leaf
pubescence, and high leaf production were clustered with S. tenuis at positive values of
PCA axis 2. At negative values of this PCA axis, P. ligularis was clustered with high leaf
turnover, high N concentration in green leaves, and dioecy (Fig. 1; Table 1).

3.2. Sheep paths, and attributes of the shrubby matrix

The number of sheep paths per km was significantly higher at sites located at 0.5-1 km
(H) than those at 4-5km (L) from the permanent watering point (¢t = —6.56; df = 4;
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Fig. 1. Ordination of plant functional traits (circles) as in Table 1, and species (triangles) according to the first two
PCA axes (PCA axis 1: 71% and PCA axis 2: 29% of the total variance). LMA: leaf mass per area (gm™2). Pl: Poa
ligularis, St: Stipa tenuis, and Ss: S. speciosa.

Table 1

Plant functional traits of the three perennial grass species

Trait Poa ligularis Stipa tenuis Stipa speciosa
Nitrogen concentration in green leaves (%)*  2.79 2.85 1.63

Lignin concentration in green leaves (%)® 3.034+0.32 4.47+0.51 6.184+0.45
Leaf mass per area (g dry weight m—2)* 153 144 258

Leaf turnover rate (ranking among other 6 5 4

species)®

Leaf production rate (leaves week’l)b 0.1184+0.016 0.21240.042 0.0854+0.011
Leaf length (cm)? 10-20 5-10 12-25

Leaf pubescence? - + —

Plant height (cm)? 15-45 15-40 30-60

Seed length (mm)¢ 1.5-2.8 5.0-8.0 10.0-12.0
Reproductive strategy® Dioecy Monoecy Monoecy

For lignin concentration in green leaves and leaf production rate, mean values + 1SE are given. For leaf
pubescence, (+) and (—) indicate presence and absence of the trait, respectively.

“Bertiller et al. (2005).

°This study.

Carrera et al. (2000).

dCorrea (1978).

p<0.01) (Table 2), indicating higher intensity of use by sheep at H than at L sites. The
cover of shrub patches did not vary among sites, but their density was lower at sites
excluded from grazing (EX) than at both grazed sites (L and H). The highest intercepted
diameter of shrub patches occurred in EX and the lowest in L sites. The density and
intercepted diameter did not significantly differ between L and H sites (Table 2).

3.3. Density, size, and spatial patterning of perennial grasses

The density of P. ligularis decreased from EX to H sites, whereas the largest density of
S. speciosa occurred at L sites. In contrast, the density of S. zenuis did not vary among sites
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Table 2
Mean values + 1SE of density of sheep paths, and cover, density, and intercepted diameter of shrub patches at sites
excluded from grazing (EX) and with low (L) and high (H) grazing pressure

Sites

EX L H
Density of sheep paths (sheep paths per km) — 474+8.9% 162+18.3°
Shrub cover (%) 36.3+1.3* 37.14+1.3% 40.54+3.9¢
Shrub density (number of shrub patches per 50 m transect) 15.9+1.6* 24.0+1.5° 23.540.7°
Intercepted diameter (cm) 115.14+7.8° 7824472 86.2+7.9%°

Different lower case letters indicate significant (p <0.05) differences among sites.

oo

OEX
aL
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Density (no. bunches
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a a a
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64 222 aa b
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P. ligularis S. tenuis S. speciosa

c

Intercepted diameter (cm)

Fig. 2. Mean values of bunch density (a), and intercepted diameter (b) of perennial grasses at sites excluded from
grazing (EX) and with low (L) and high (H) grazing pressure. Vertical lines indicate 1SE. Different lower case
letters indicate significant differences (p <0.05) among sites for each species.

(Fig. 2a). The mean intercepted diameter of P. ligularis and S. speciosa did not vary among
sites while that of S. fenuis was reduced at H sites (Fig. 2b).

At sites excluded from grazing, P. ligularis showed higher frequency of bunches at
distances near patch borders (from 0 to —25cm), and lower frequency near patch centres
(=75 to —100 cm) and far away outside shrub patches (> 100 cm from patch borders) than
expected by chance. At L sites, this species showed higher frequency of bunches than
expected inside shrub crowns (0 to —75cm) and lower frequency at almost all distance
classes outside them. At H sites, the frequency of P. ligularis was higher and lower than
expected at most distances inside and outside shrub crowns, respectively (Fig. 3a).
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Fig. 4. Ordination of vectors of spatial patterning of the three species at each site: EX (squares, solid line), L
(circles, dashed line), and H (triangles, dotted line) according to the first two PCA axes (PCA axis 1 and 2: 47%
and 23% of the total variance, respectively). Acronyms for species and sites as in Figs. 1 and 2, respectively.

S. tenuis showed higher frequency than expected at distances >75cm from the patch
borders and lower frequency at most distances inside shrub canopies at EX sites. At L
sites, this species showed higher frequency of bunches between 50 and 100cm outside
shrub canopies and lower frequencies than expected inside shrub canopies (0 to —50 cm).
At H sites, the frequency of S. tenuis was lower than expected at distances from —50 to
—75cm (inside) and 50 to 75cm (outside shrub canopies) (Fig. 3b).

At EX sites, S. speciosa showed lower frequency than expected at distances near to shrub
patch borders (—25 to 25cm) and at mid distances inside (—50 to —75cm) and outside (50 to
75 cm) patch crowns. This species also showed higher frequency than expected inside patches
(—25to —50cm and <—100cm) and at distances far away outside shrubs (>100cm). At L
sites, the frequency of bunches was higher than expected at 0 to —75cm inside, and lower
than expected at most distances outside shrub canopies. At H sites, this species showed
higher frequency of bunches than expected at 0 to —50 and —75 to —100 cm inside shrub
patches, and lower than expected at most distances outside shrub patches (Fig. 3c).

The ordination of the spatial patterns of the three species according to the first two PCA
axes (PCA axis 1 and 2: 47% and 23% of the total variance, respectively) indicated that the
three species showed contrasting spatial distributions at EX sites. S. tenuis was located at
negative values of PCA 1 and positive values of PCA 2, S. speciosa at positive values of
both PCA axes, and P. ligularis at positive and negative values of PCA axis 1 and 2,
respectively. At L sites, the spatial patterning of S. fenuis (negative values of PCA 1)
differed from those of the other species across PCA 1 (positive values of PCA 1) and
converged across PCA axis 2 (negative values). At H sites, the spatial patterning of all
species converged at positive values of both PCA axes (Figs. 3 and 4).

4. Discussion

P. ligularis and S. tenuis showed acquisitive/mesophytic traits related to high relative
growth rate and potential for resource capture while S. speciosa displayed conservative/
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xerophytic traits associated with low relative growth rate, high potential for resource
conservation, and high investment in structural compounds (Diaz et al., 2004; Hartley and
Jones, 1998; Westoby et al., 2002). We found evidence for the effect of grazing on the
abundance of perennial grass species with different functional traits but the spatial
patterning of these species with respect to the shrubby matrix was not differentially
affected by grazing. Further, the cover of the shrubby matrix was not affected by grazing
although increased density and reduced diameter of shrub patches were observed in sites
disturbed by grazing as reported elsewhere (Adler et al., 2001; Bisigato and Bertiller, 1997,
Bertiller et al., 2002a; Cipriotti and Aguiar, 2005).

In terms of abundance, the decrease in density of P. ligularis with increasing grazing
pressure without changes in bunch size is consistent with high direct grazing impact on this
species through a high rate of removal of high-quality green tissues (high N concentration,
low leaf mass per area, and low lignin concentration) and subsequent bunch death (Adler
et al., 2004; Augustine and McNaughton, 1998; Ferraro and Oesterheld, 2002). In
addition, reduced abundance of P. ligularis in grazed areas could be associated with an
indirect effect of grazing through changes in the shrubby matrix. Small shrub patches in
grazed sites could affect sexual recruitment through harsher local microenvironmental
conditions in their neighbourhood relative to large patches (Bertiller, 1998; Bertiller et al.,
2002b; Maestre and Cortina, 2005; Mazzarino et al., 1996). In contrast, the abundance of
S. tenuis did not vary among sites with different grazing pressure probably due to lower
herbivore preference for this species with more xerophytic traits (pubescent leaves and low
leaf length) than P. ligularis, and also low apparency. These results are consistent with
lower herbivore preference for S. tenuis relative to P. ligularis reported by Elissalde and
Miravalles (1983) and reduced herbivore preference for plant tissues with xerophytic traits
described in other studies (Coughenour, 1985; Hartley and Jones, 1998). However, bunch
size (diameter) of this species was reduced at high grazing pressure, a fact that could be
traced back either to a direct effect of grazing on this species through tissue removal
(Ferraro and Oesterheld, 2002) or to high sexual recruitment in this species producing
small and abundant seeds (Bisigato and Bertiller, 1997; Mayor et al., 2003). Contrarily to
the other two species, S. speciosa showed enhanced bunch abundance under low grazing
pressure. This is consistent with the lowest herbivore preference for this species as
compared to the other two perennial grasses (Elissalde and Miravalles, 1983), probably
due to strong xerophytic/conservative traits such as high lignin and low N concentration in
green leaves, and high leaf mass per area (Adler et al., 2004). However, preference by
herbivores cannot explain lower abundance of this species at sites excluded from grazing
relative to sites with low grazing pressure. Probably, P. ligularis and S. tenuis with more
mesophytic/acquisitive traits than S. speciosa would outcompete this latter at sites
protected from grazing (Bertiller et al., 2002b; Lauenroth and Aguilera, 1998).

The spatial patterning of the three perennial grass species relative to the shrubby matrix
was not differentially affected by grazing. In sites excluded from grazing the three species
displayed contrasting spatial patterns consistent with their functional traits. P. ligularis,
having the strongest mesophytic and acquisitive traits, occupied at high density sheltered
N-rich microsites at shrub patch borders. S. tenuis with both mesophytic and xerophytic
traits and the highest bunch density was more abundant than expected in open resource-
poor inter-patch spaces (Bertiller et al., 2002b; Mazzarino et al., 1996). Furthermore,
S. speciosa, with the strongest xerophytic and conservative traits occupied, at very low
density, vacant microsites of highly contrasting quality either near patch centres or outside
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patch crowns. Probably, the high bunch density of both P. ligularis and S. tenuis and their
spatial patterning reflect higher competitive ability and enhanced sexual recruitment
relative to S. speciosa in sites excluded from grazing with the largest shrub patches
(Fernandez et al., 2002; Ghermandi, 1997).

Despite the contrasting spatial patterning of the three species at sites excluded from
grazing, increasing grazing pressure led to the concentration of bunches underneath shrub
canopies. This stressed the importance of shrub patches as biotic refuges for perennial
grasses in shrublands disturbed by grazing (Callaway et al., 2005; Milchunas and Noy-
Meir, 2002). However, S. tenuis maintained high abundance and the widest spatial
distribution in relation to patch canopies under high grazing pressure, probably due to its
low apparency, the presence of xerophytic traits, and high sexual recruitment (Bisigato and
Bertiller, 1997; Mayor et al., 2003).

We concluded that our results do not support the hypothesis that grazing affects
differently the spatial patterning of perennial grass species with different functional traits.
The greatest contrast in the spatial patterning among species with different functional
traits was found at sites excluded from grazing, but increasing grazing pressure attenuated
the differences leading to the confinement of bunches underneath well anti-herbivore
defended shrub-patch canopies. The wide spatial distribution and the high abundance of
S. tenuis in grazed areas suggest that the combination of functional traits related to fast
growth and stress tolerance constitutes an adaptive advantage in water-limited
environments.

Acknowledgements

We thank Rita Lopez Laphitz, Mariano Moscoso, Juan Pablo Gelburt, and Constanza
Depedri for their assistance in fieldwork. Recognition is also given to Mr. F. Sarasa and
Mr. F. Pérez Sarlangue who allowed access to the study areas. This research was supported
by Projects PICT 08-06027, PICT 08-11131 BID 1201-1728/OC-AR of the National
Agency for Scientific and Technological Promotion (ANPCyT). G.E.P. was supported by
ANPCyT and CONICET research fellowships.

Appendix A. Supplementary materials

Supplementary data associated with this article can be found in the online version at
doi:10.1016/j.jaridenv.2006.12.025.

References

Abule, E., Smit, G.N., Snyman, H.A., 2005. The influence of woody plants and livestock grazing on grass species
composition, yield and soil nutrients in the Middle Awash Valley of Ethiopia. Journal of Arid Environments
60, 343-358.

Adler, P.B., Raff, D.A., Lauenroth, W.K., 2001. The effect of grazing on the spatial heterogeneity of vegetation.
Oecologia 128, 465-479.

Adler, P.B., Milchunas, D.G., Lauenroth, W.K., Sala, O.E., Burke, I.C., 2004. Functional traits of graminoids in
semi-arid steppes: a test of grazing histories. Journal of Applied Ecology 41, 653-663.

Adler, P.B., Milchunas, D.G., Sala, O.E., Burke, I.C., Lauenroth, W.K., 2005. Plant traits and ecosystem
grazing effects: comparison of US sagebrush steppe and Patagonian steppe. Ecological Applications 15,
774-792.


dx.doi.org/10.1016/j.jaridenv.2006.12.025

G.E. Pazos et al. | Journal of Arid Environments 70 (2007) 316-328 327

Aguiar, M.R., Sala, O.E., 1999. Patch structure, dynamics and implications for the functioning of arid
ecosystems. Trends in Ecology & Evolution 14, 273-277.

Ares, J., Bertiller, M., Bisigato, A., 2003. Modeling and measurement of structural changes at a landscape scale in
dryland areas. Environmental Modeling & Assessment 8, 1-13.

Augustine, D.J., McNaughton, S.J., 1998. Ungulate effects on the functional species composition of plant
communities: herbivore selectivity and plant tolerance. Journal of Wildlife Management 62, 1165-1183.
Baldi, R., Pelliza-Sbriller, A., Elston, D., Albon, S., 2004. High potential for competition between guanacos and

sheep in Patagonia. Journal of Wildlife Management 68, 924-938.

Bertiller, M.B., 1998. Spatial patterns of the germinable soil seed bank in northern Patagonia. Seed Science
Research 8, 39-45.

Bertiller, M.B., Ares, J.O., Bisigato, A.J., 2002a. Multiscale indicators of land degradation in the Patagonian
Monte, Argentina. Environmental Management 30, 704-715.

Bertiller, M.B., Sain, C.L., Bisigato, A.J., Coronato, F.R., Ares, J.O., Graff, P., 2002b. Spatial sex segregation in
the dioecious grass Poa ligularis in northern Patagonia: the role of environmental patchiness. Biodiversity and
Conservation 11, 69-84.

Bertiller, M.B., Sain, C.L., Carrera, A.L., Vargas, D.N., 2005. Patterns of nitrogen and phosphorus conservation
in dominant perennial grasses and shrubs across an aridity gradient in Patagonia, Argentina. Journal of Arid
Environments 62, 209-223.

Bisigato, A.J., Bertiller, M.B., 1997. Grazing effects on patchy dryland vegetation in northern Patagonia. Journal
of Arid Environments 36, 639-653.

Bisigato, A.J., Bertiller, M.B., 2004. Temporal and micro-spatial patterning of seedling establishment.
Consequences for patch dynamics in the southern Monte, Argentina. Plant Ecology 174, 235-246.

Callaway, R.M., Kikodze, D., Chiboshvili, M., Khetsuriani, L., 2005. Unpalatable plants protect neighbors from
grazing and increase plant community diversity. Ecology 86, 1856-1862.

Carrera, A.L., Sain, C.L., Bertiller, M.B., 2000. Patterns of nitrogen conservation in shrubs and grasses in the
Patagonian Monte, Argentina. Plant and Soil 224, 185-193.

Cheplick, G.P., 1998. Seed dispersal and seedling establishment in grass populations. In: Cheplick, G.P. (Ed.),
Population Biology of Grasses. Cambridge University Press, Cambridge, pp. 84-105.

Cipriotti, P.A., Aguiar, M.R., 2005. Effects of grazing on patch structure in a semi-arid two-phase vegetation
mosaic. Journal of Vegetation Science 16, 57-66.

Correa, M.N., 1971-1999. Flora Patagonica. Coleccion Cientifica. Instituto Nacional de Tecnologia
Agropecuaria (INTA), Buenos Aires, Argentina.

Correa, M.N., 1978. Flora Patagonica, Parte III: Gramineae. Coleccion Cientifica Tomo VIII. Instituto Nacional
de Tecnologia Agropecuaria (INTA), Buenos Aires, Argentina.

Coughenour, M.B., 1985. Graminoid responses to grazing by large herbivores: adaptations, exaptations, and
interacting processes. Annals of the Missouri Botanical Garden 72, 852-863.

Craine, J.M., 2005. Reconciling plant strategy theories of Grime and Tilman. Journal of Ecology 93,
1041-1052.

Dale, M.R.T., 1999. Spatial Pattern Analysis in Plant Ecology. Cambridge University Press, Cambridge.

de Blois, S., Domon, G., Bouchard, A., 2002. Landscape issues in plant ecology. Ecography 25, 244-256.

Diaz, S., Hodgson, J.G., Thompson, K., Cabido, M., Cornelissen, J.H.C., Jalili, A., Montserrat-Marti, G.,
Grime, J.P., Zarrinkamar, F., Asri, Y., Band, S.R., Basconcelo, S., Castro-Diez, P., Funes, G., Hamzehee, B.,
Khoshnevi, M., Pérez-Harguindeguy, N., Pérez-Rontomé, M.C., Shirvany, F.A., Vendramini, F., Yazdani, S.,
Abbas-Azimi, R., Bogaard, A., Boustani, S., Charles, M., Dehghan, M., de Torres-Espuny, L., Falczuk, V.,
Guerrero-Campo, J., Hynd, A., Jones, G., Kowsary, E., Kazemi-Saeed, F., Maestro-Martinez, M., Romo-
Diez, A., Shaw, S., Siavash, B., Villar-Salvador, P., Zak, M.R., 2004. The plant traits that drive ecosystems:
evidence from three continents. Journal of Vegetation Science 15, 295-304.

Elissalde, N.O., Miravalles, H.R., 1983. Evaluacion de los campos de pastoreo de Peninsula Valdés. Contribucion
no. 70, Centro Nacional Patagénico (CONICET), Puerto Madryn, Argentina, 24pp.

Feeny, P., 1976. Plant apparency and chemical defenses. Recent Advances in Phytochemistry 10, 1-41.

Fernandez, R.J., Golluscio, R.A., Bisigato, A.J., Soriano, A., 2002. Gap colonization in the Patagonian
semidesert: seed bank and diaspore morphology. Ecography 25, 336-344.

Ferraro, D.O., Oesterheld, M., 2002. Effect of defoliation on grass growth. A quantitative review. Oikos 98,
125-133.

Ghermandi, L., 1997. Seasonal patterns in the seed bank of a grassland in north-western Patagonia. Journal of
Arid Environments 35, 215-224.



328 G.E. Pazos et al. | Journal of Arid Environments 70 (2007) 316-328

Grace, J., 1998. Plant water relations. In: Crawley, M.J. (Ed.), Plant Ecology. Blackwell Science, Oxford,
pp. 28-50.

Hartley, S.E., Jones, C.G., 1998. Plant chemistry and herbivory, or why the world is green. In: Crawley, M.J.
(Ed.), Plant Ecology. Blackwell Science, Oxford, pp. 284-324.

Hutchings, M.J., John, E.A., Wijesinghe, D.K., 2003. Toward understanding the consequences of soil
heterogeneity for plant populations and communities. Ecology 84, 2322-2334.

Landsberg, J., Lavorel, S., Stol, J., 1999. Grazing response groups among understorey plants in arid rangelands.
Journal of Vegetation Science 10, 683—696.

Lauenroth, W.K., 1998. Guanacos, spiny shrubs and the evolutionary history of grazing in the Patagonian steppe.
Ecologia Austral 8, 211-215.

Lauenroth, W.K., Aguilera, M.O., 1998. Plant-plant interactions in grasses and grasslands. In: Cheplick, G.P.
(Ed.), Population Biology of Grasses. Cambridge University Press, Cambridge, pp. 209-230.

Leén, R.J.C., Bran, D., Collantes, M., Paruelo, J.M., Soriano, A., 1998. Grandes unidades de vegetacion de la
Patagonia extra andina. Ecologia Austral 8, 125-144.

Maestre, F.T., Cortina, J., 2005. Remnant shrubs in Mediterranean semi-arid steppes: effects of shrub size, abiotic
factors and species identity on understorey richness and occurrence. Acta Oecologica 27, 161-169.

Manly, B.F.J., 1997. Randomization, Bootstrap and Monte Carlo Methods in Biology, second ed. Chapman &
Hall, CRC, Boca Raton, FL.

Mayor, M.D., Béo, R.M., Pelaez, D.V., Elia, O.R., 2003. Seasonal variation of the soil seed bank of grasses in
central Argentina as related to grazing and shrub cover. Journal of Arid Environments 53, 467-477.

Mazzarino, M.J., Bertiller, M.B., Sain, C.L., Laos, F., Coronato, F.R., 1996. Spatial patterns of nitrogen
availability, mineralization, and immobilization in northern Patagonia, Argentina. Arid Soil Research and
Rehabilitation 10, 295-309.

Mclntyre, S., Lavorel, S., 2001. Livestock grazing in subtropical pastures: steps in the analysis of attribute
response and plant functional types. Journal of Ecology 89, 209-226.

Milchunas, D.G., Noy-Meir, 1., 2002. Grazing refuges, external avoidance of herbivory and plant diversity. Oikos
99, 113-130.

Norusis, M.J., 1997. SPSS Advanced Statistics 7.5. SPSS Inc., Chicago.

O’connor, T.G., 1991. Local extinction in perennial grasslands: a life-history approach. American Naturalist 137,
753-773.

O’connor, T.G., Everson, T.M., 1998. Population dynamics of perennial grasses in African savanna and
grassland. In: Cheplick, G.P. (Ed.), Population Biology of Grasses. Cambridge University Press, Cambridge,
pp. 333-365.

Oesterheld, M., Sala, O.E., 1990. Effects of grazing on seedling establishment: the role of seed and safe-site
availability. Journal of Vegetation Science 1, 353-358.

Pringle, H.J.R., Landsberg, J., 2004. Predicting the distribution of livestock grazing pressure in rangelands.
Austral Ecology 29, 31-39.

Rietkerk, M., Ketner, P., Burger, J., Hoorens, B., OIff, H., 2000. Multiscale soil and vegetation patchiness along a
gradient of herbivore impact in a semi-arid grazing system in West Africa. Plant Ecology 148, 207-224.

Schlesinger, W.H., Pilmanis, A.M., 1998. Plant-soil interactions in deserts. Biogeochemistry 42, 169—187.

Soil Survey Staff, 1998. Keys to Soil Taxonomy, USDA, Washington, DC, 324pp.

van de Koppel, J., Rietkerk, M., van Langevelde, F., Kumar, L., Klausmeier, C.A., Fryxell, J.M., Hearne, J.W.,
van Andel, J., de Ridder, N., Skidmore, A., Stroosnijder, L., Prins, H.H.T., 2002. Spatial heterogeneity and
irreversible vegetation change in semiarid grazing systems. American Naturalist 159, 209-218.

van Soest, P.J., 1963. Use of detergents in the analysis of fibrous feeds. I A rapid method for the determination of
fiber and lignin. Journal of the Association of Official Analytical Chemists 46, 830-835.

Vesk, P.A., Westoby, M., 2001. Predicting plant species’ responses to grazing. Journal of Applied Ecology 38,
897-909.

Westoby, M., Falster, D.S., Moles, A.T., Vesk, P.A., Wright, I.J., 2002. Plant ecological strategies: some leading
dimensions of variation between species. Annual Review of Ecology and Systematics 33, 125-159.

Wiegand, T., Moloney, K.A., 2004. Rings, circles, and null-models for point pattern analysis in ecology. Oikos
104, 209-229.



	Abundance and spatial patterning of coexisting perennial grasses in grazed shrublands of the Patagonian Monte
	Introduction
	Methods
	Study area
	Perennial grass species and functional traits
	Field sampling
	Abundance of perennial grasses and shrub patches
	Spatial patterns of perennial grasses

	Results
	Functional traits of perennial grasses
	Sheep paths, and attributes of the shrubby matrix
	Density, size, and spatial patterning of perennial grasses

	Discussion
	Acknowledgements
	Supplementary materials
	References


