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by grazing in the Patagonian Monte, Argentina
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Abstract Selective sheep grazing in the Patagonian
Monte induces the reduction of total and perennial
grass cover, species replacement within life forms, and
the increase in dominance of long-lived evergreen
woody plants with slow growth rates and high
concentration of secondary compounds in leaves. We
hypothesized that these changes in the canopy structure
induced by sheep grazing will affect the mass,
chemistry and decomposability of leaf litter and fine
roots. We selected two sites in the Patagonian Monte,
representative of ungrazed and grazed vegetation
states. At each site, we assessed canopy structure (total
cover and absolute and relative grass and shrub cover),
monthly leaf litterfall, and fine-root biomass and
production in the upper soil (15 cm). We also estimated
the rates of mass, C, soluble phenolics, lignin and N

decay in litterbags containing both leaf litter and fine
roots of each site under field conditions during two
consecutive years. The ungrazed site exhibited higher
total plant cover, absolute and relative grass- and
shrub-cover than the grazed one. Leaf litterfall was
lower at the grazed site than at the ungrazed site. Fine-
root production did not vary between sites. Leaf litter
and fine root tissues had higher concentration of
secondary compounds at the grazed than at the
ungrazed site. However, fine roots showed lower mass
and C decay than leaf litter, attributable to the
predominant secondary compound (lignin and soluble
phenolics, respectively). Leaf litter decomposed slower
but released more N during decay at the ungrazed than
at the grazed site, probably due to its low concentration
of secondary compounds. We concluded that changes
in canopy structure induced by grazing disturbance
such as those explored in our study could reduce leaf
litterfall mass and increase the concentration of
secondary compounds of both leaf litter and fine roots
leading to slow N release to soil during decay.
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Introduction

The production and decomposition of plant litter are
key processes in carbon and nutrient cycling in most
terrestrial ecosystems (Lambers et al. 1998). The main
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controls of nutrient release from litter to soil are
climate, soil organisms, and litter chemistry (Aerts
and Chapin 2000). Climate affects decomposition
through its effects on litter production, litter quality,
and microbial activity. In most arid and semiarid
environments, precipitation is the main climatic factor
controlling these processes (Noy Meir 1973). Under
similar climatic conditions, microbial activity, decom-
position processes and nutrient release can be pre-
dicted from plant litter traits reflecting entire plant or
organ physiological and biochemical adaptations to
the environment (Lambers et al. 1998; Xu and Hirata
2005).

In arid and semiarid ecosystems, vegetation is
dominated by shrubs and perennial grasses (Whitford
2002), but grazing disturbance may induce species
replacement and the increase in cover of woody plants
(Reynolds et al. 1997; Bertiller and Bisigato 1998).
Shrubs usually produce thick green leaves with low N
concentration and large amount of secondary com-
pounds, such as lignin, tannins, or soluble phenolics,
protecting leaves against desiccation, herbivores,
pathogens, and radiation effects (Aerts and Chapin
2000; Carrera et al. 2005). In contrast, perennial
grasses produce leaves of short lifespan, with low
protection against abiotic factors and herbivores
(Aerts and Chapin 2000; Carrera et al. 2000, 2005;
Campanella and Bertiller 2008). Accordingly, plant
changes induced by grazing could not only affect the
quantity and chemistry (concentration of secondary
compounds, N, etc.) of leaf litter but also fine root
traits and subsequent decomposition rates and nutrient
and C cycling (Fisher et al. 2006). Studies on the
effects of structural and functional traits of fine roots
of both plant life forms on ecosystem processes are
scarce in arid and semiarid ecosystems despite
evidence of large C and nutrient inputs to the soil
from decaying fine-roots (Fernandez and Caldwell
1975; Jackson et al. 1997; Whitford 2002) and larger
amount of secondary compounds in fine roots of
shrubs relative to those of grasses (Mun and Whitford
1998; Rodríguez et al. 2007a).

In the Patagonian Monte, vegetation is dominated
by shrubs and perennial grasses arranged in a patchy
structure (Bertiller and Bisigato 1998). Sheep grazing
was introduced at the beginning of the twentieth
century and it is an important driver of ecosystem
composition and spatial structure in this region
(Bertiller et al. 2002; Ares et al. 2003). Selective

sheep grazing induces the reduction of total and
perennial grass cover, species replacement within life
forms, and the increase in dominance of long-lived
evergreen woody plants with slow growth rates and
high concentration of secondary compounds in leaves
and roots (Bisigato and Bertiller 1997; Bertiller and
Bisigato 1998; Carrera et al. 2005; Rodriguez et al.
2007a; Campanella and Bertiller 2008). Accordingly,
these changes could have important effects on annual
leaf litterfall, fine-root production, and litter chemis-
try, and consequently on decomposition and nutrient
cycling. However, few studies have assessed simulta-
neously both leaf litterfall and upper-soil fine-root
production and their effects on decomposition pro-
cesses in arid and semiarid ecosystems, particularly,
of the southern hemisphere (Moretto et al. 2001). We
assessed the effects of changes in canopy structure
(total plant cover, absolute and relative grass- and
shrub-cover, and species cover) induced by grazing
on leaf litterfall, upper-soil fine root production, and
their decomposition rates in two sites (ungrazed vs
grazed site) representative of the Patagonian Monte,
Argentina. We hypothesized that changes in canopy
structure induced by sheep grazing (reduction of total
and perennial grass cover, species replacement within
life forms, and an increase in dominance of long-lived
evergreen woody plants with slow growth rates and
high concentration of secondary compounds in
leaves) will affect the mass, chemistry and decom-
posability of leaf litter and fine roots. We predicted:
(1) lower leaf litterfall and upper fine root production
(0–15 cm depth) due to the lower total plant cover at
the grazed than at the ungrazed site; (2) increased
concentrations of N, soluble phenolics, and lignin in
leaf litter and fine roots due to higher shrub relative to
grass contribution at the grazed than at the ungrazed
site, and (3) lower mass loss and N release to soil
during leaf litter and fine-root decay due to increased
soluble phenolics and lignin concentrations in these
tissues at the grazed than at the ungrazed site.

Materials and methods

Study area

We selected a study area located in the southern
portion of the Monte Phytogeographic Province,
Argentina (Patagonian Monte), 40 km west of Puerto
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Madryn (42°39′S, 65°23′W, 115 m a.s.l). The mean
annual temperature is 13.7°C and the mean annual
precipitation is 235.9 mm (22-year average, CENPAT
2006). Soils are a complex of Typic Petrocalcids–
Typic Haplocalcids (Del Valle 1998; Soil Survey Staff
1998). Vegetation corresponds to the shrubland of
Larrea divaricata Cav. and Stipa spp. (Cabrera 1976;
Soriano 1950) with low canopy cover (< 60% of the
soil), and a random patchy structure (Bisigato and
Bertiller 1997; Mazzarino et al. 1998). We selected
two contiguous sites of about 2 ha each representative
of conserved (ungrazed site) and disturbed (grazed
site) vegetation states in ecosystems grazed by sheep
of the Patagonian Monte (Bisigato and Bertiller 1997;
Bertiller et al. 2002). The ungrazed site has been
protected from large domestic herbivores since 1993
while the grazed site has been submitted to sheep
grazing since the beginning of the last century with a
stocking rate of ca. 0.14 sheep ha-1. During the study
period, annual precipitation was 162.7 mm and
192.5 mm for the periods July–June 2004-2005 and
2005-2006, respectively (CENPAT 2006).

Canopy structure and soil moisture at the study sites

Total and species cover was assessed at six randomly
located 25-m linear transects at each site by the line
intercept method (Mueller-Dombois and Ellenberg
1974) in autumn 2006. We further calculated the
absolute and relative shrub and grass cover. We
assessed monthly gravimetric soil moisture by
extracting 20 soil cores (5.5 cm diameter and 15 cm
depth) from random locations per site during the
period June 2004–August 2006.

Annual leaf litterfall and fine-root production

We assessed monthly leaf litterfall at 10 randomly
located litter traps (0.50×0.25 ×0.10 m) at each site
during the period July 2004–June 2006. The collected
leaf litterfall was cleaned of attached soil particles
with a brush and separated into the two dominant
plant life forms (grasses and shrubs), then dried at
60°C for 48 h and weighed. We collected 20 soil
cores (5.5 cm diameter and 15 cm depth) from
random locations within each site at monthly intervals
during the period June 2004–June 2006. Fine roots
(< 2 mm diameter) were separated from the soil cores,
briefly washed in tap water to remove adhered soil

particles, dried at 60°C for 48 h and weighed. We
estimated the annual mass of leaf litterfall as the sum
of the litterfall mass collected monthly during the two
12-month periods: July 2004–June 2005 (year 1) and
July 2005–June 2006 (year 2). We estimated annual
fine-root production as the sum of the significant (P≤
0.05) positive increments of fine-root biomass be-
tween consecutive sampling months during each year
(Defossé and Bertiller 1991; Lauenroth 2000). The
sequential soil core method may lead to some
underestimation in fine-root production (Makkonen
and Helmisaari 1999), but it is one of the most widely
used because it estimates directly fine-root biomass
(Lauenroth 2000). Furthermore, because this method
is so widely used, it allows comparisons between root
studies across the world (Lauenroth 2000; Hertel and
Leuschner 2002; Son and Hwang 2003).

Litterbag decomposition experiment and chemistry
of leaf litter and fine roots

We collected leaf litter accumulated on the soil at 120
randomly selected plots (0.50×0.25 m) from an area
of about 10,000 m2 at each site during the period
March–June 2004. The leaf litter collected was
cleaned of attached soil particles with a brush, pooled
into one sample per site, homogenized by mixing, and
dried at 60°C for 48 h. After litter removal, we
extracted the upper soil (15 cm depth) of each plot at
each site. Fine roots (< 2 mm diameter) were
separated from the soil of each plot, briefly washed
in tap water to remove adhered soil particles, dried at
60°C during 48 h, pooled into one sample per site and
homogenized by mixing. These fine-root samples
included a mixture of both live and senesced fine-
roots, due to the extreme difficulty of recognizing and
separating live and dead fine roots (Ostertag and
Hobbie 1999; Robinson et al. 1999; Moretto et al.
2001). The inclusion of a mixture of live and
senesced roots in the litterbags of our experiment
could lead to some overestimation in decomposition
rates of fine roots. However, decomposition rates of
mixed roots could resemble those of senesced roots
due to the high turnover of fine roots and the
negligible N retranslocation during fine-root senes-
cence (Ostertag and Hobbie 1999; Gill and Jackson
2000; Moretto et al. 2001; Silver and Miya 2001).

For this experiment, we selected closed litterbags
(0.3 mm mesh, 5 cm diameter) allowing for mostly
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microbial decay. We constructed 168 litterbags per
site containing 1 g of leaf litter each obtained from the
pooled and homogenized leaf-litter mass collected at
the respective site. Another 168 litterbags per site
were filled with 1 g of fine roots each obtained from
the pooled and homogenized fine roots collected at
the respective site. We randomly selected 72 bare soil
and 96 canopy soil microsites at each site in the field.
In August 2004, we placed one litterbag containing
leaf litter and other with fine roots at each microsite.
Litterbags containing leaf litter were located on the
soil surface after the removal of the litter deposited on
the soil, and litterbags containing fine roots were
buried at 5 cm depth. We randomly collected one set
of seven litterbags (three bare soil and four canopy
soil microsites) per biomass type (leaf litter or fine
roots) and site at monthly intervals during the period
September 2004–August 2006. After collection, lit-
terbags were cleaned of attached soil particles with a
brush and the leaf litter and the fine roots from each
litterbag were oven-dried at 60°C to constant weight
and weighed to determine the remaining mass. One
litterbag of each biomass type per microsite and date
was ashed at 550°C to correct the mass remaining at
each litterbag for residual attached soil particles. We
expressed the mass changes per litterbag on an ash-
free dry mass basis.

We assessed the chemical composition of the
pooled and homogenized samples of leaf litter and
fine roots in three sub-samples of each site before the
litterbag decomposition experiment and in three
litterbags per site after 6, 12, 18 and 24 months of
in situ decomposition. We measured the concentra-
tions of C by dry digestion at 550°C (Schlesinger
and Hasey 1981), soluble phenolics by the Folin-
Ciocalteu method with tannic acid as standard
(Waterman and Mole 1994), cellulose and lignin by
the acid-detergent digestion technique (Van Soest
1963), and total N by semi-micro Kjeldahl (Coombs
et al. 1985). All chemical traits were expressed per
unit free-ash mass.

Statistical analyses

We used ANOVA to test for significant differences in:
(1) total, shrub, and grass cover between sites; (2)
annual leaf litter and fine root production between
sites and years; and (3) chemical composition of leaf
litter and fine roots between sites. In (2) we included

site as fixed factor and year as random factor. In those
cases in which assumptions of ANOVAwere not met,
variables were logarithmic transformed (Sokal and
Rohlf 1981). We used a simple negative exponential
model to assess decay rate (k) of dry mass, C-, soluble
phenolics-, lignin-, and N-mass during the 24-month
incubation period (Swift et al. 1979) as follows:

y ¼ a � e� t�kð Þ

where y is the dry mass of leaf litter or fine roots
remaining in litterbags at time t (month), a is the
initial mass, and k is the decay rate. The significance
of the differences in mean decay rate (k) of leaf litter
and fine roots between sites and microsites was
evaluated by Student t-test (Zar 1986). Unless
otherwise noted, the level of significance throughout
this study was P≤0.05. All statistical analyses were
performed with SPSS 7.0 (Norusis 1997).

Results

Canopy structure and soil moisture at the study sites

Total, shrub, and grass covers were higher at the
ungrazed than at the grazed site (Fig. 1a). Shrub cover
was higher than grass cover (F1, 24=28.08, P<0.001)
at both study sites but the relative cover of shrubs was
higher at the grazed than at the ungrazed site (F1, 12=
28.43, P<0.001). The values of canopy cover of all
grass species and 12 shrub species were lower at the
grazed than at the ungrazed site (Fig. 1b). Seven
shrub species increased their cover at the grazed
relative to the ungrazed site, but this increase did not
compensate the decrease in cover of the other shrub
species. Species composition was similar between
both sites. Only Prosopidastrum globosum and
Hoffmanseggia trifoliata were exclusively found at
the ungrazed site. Soil moisture did not vary between
sites (F1, 960=1.40, P=0.25) and showed the largest
values in autumn-winter (Fig. 2).

Annual leaf litterfall and fine root production

Annual leaf litterfall was higher at the ungrazed than
at the grazed site (49.8 vs 30.6 g m-2 year-1,
respectively; F1, 480=189.18, P=0.046), and did not
differ between years (F1, 480=0.04, P=0.88). The
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contribution of the different life forms to total leaf
litter production differed between sites. Grasses and
shrubs contributed with similar mass to annual leaf
litterfall at the ungrazed site (26.1 and 23.7 g m-2

year-1, respectively) but shrubs contributed with
higher mass than grasses to annual leaf litterfall at
the grazed site (26.3 and 4.3 g m-2 year-1, respectively).
Annual fine root production did not differ between the
ungrazed and the grazed site (189.8 and 253.4 g m-2

year-1, respectively; F1, 480=2.78, P=0.34), or years
(F1, 480=1.71, P=0.42).

Chemistry of leaf-litter and fine-root biomass

Leaf litter had lower concentrations of soluble
phenolics, lignin and nitrogen and higher cellulose
concentration and cellulose/N ratio at the ungrazed
than at the grazed site, while C concentration as well
as C/N, soluble phenolics/N, and lignin/N ratios did
not vary between sites (Table 1). Fine roots had lower
C, soluble phenolics, and lignin concentrations as
well as lower soluble phenolics/N and lignin/N ratios
at the ungrazed than at the grazed site. Cellulose and
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Fig. 1 a Mean shrub and grass cover (%) and their relative
contribution to the total aboveground plant-cover at each
sampling site. Vertical lines indicate one standard error of the
total plant cover at each site. Different lowercase letters
indicate significant differences in total plant cover between
the ungrazed and the grazed site. b Cover of shrub and grass
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Prosopis alpataco Phil.) in the grazed relative to the ungrazed
site, respectively
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N concentrations and C/N and cellulose/N ratios in
fine roots did not vary between sites (Table 1).

Leaf-litter and fine-root decomposition in litterbags

Biomass and C-mass decay rate (k) of leaf litter were
higher at the grazed than at the ungrazed site. Soluble
phenolics- and lignin-mass decay rates of leaf litter
did not differ between sites (Fig. 3a). However, N-
mass decay of leaf litter was higher at the ungrazed
than at the grazed site (Fig. 3a). Fine-root biomass
and N-mass decay were higher at the ungrazed than at
the grazed site (Fig. 3b). Carbon-, soluble phenolics-
and lignin-mass decay of fine roots did not differ
between sites (Fig. 3b). We did not find significant

differences in leaf litter and fine root mass decay
between canopy and bare soil microsites.

Relationship among mass (kmass) and N (k N) decay
and initial chemistry traits of leaf litter and fine roots

The principal component analysis (PCA) showed a
negative relationship between lignin or lignin/N ratio
and decay rates on PCA axis 1 (56.5% of the total
variance; Fig. 4). Accordingly, fine roots with high
lignin concentration exhibited lower mass and N
decay than leaf litter with low lignin concentration
and lignin/N ratio in both the grazed and ungrazed
site (see also Fig. 3 and Table 1). Additionally, PCA
axis 2 (34.6% of the total variance) clustered high
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Table 1 Mean values ± 1SE of initial concentrations of C (mg g-1), soluble phenolics (mg g-1), lignin (mg g-1), cellulose (mg g-1), N
(mg g-1), and C/N, soluble phenolics/ N, lignin/ N and cellulose/ N ratios in leaf litter and fine roots from each study site

C Soluble
phenolics

Lignin Cellulose N C/N Soluble
phenolics/N

Lignin/N Cellulose/N

Leaf litter
Ungrazed
site

428.2±6.2 a 14.9±0.6 a 58.1±2.5 a 274.4±3.3 b 7.8±0.1 a 54.9±0.8 a 1.9±0.1 a 7.46±0.41 a 35.2±0.5 b

Grazed
site

436.9±8.6 a 20.1±0.2 b 74.1±1.8 b 185.1±2.0 a 10.0±0.4 b 44.3±4.1 a 2.0±0.2 a 7.50±0.58 a 18.7±1.5 a

Fine roots
Ungrazed
site

417.0±4.5 a 1.0±0.1 a 115.1±3.3 a 184.1±10.2 a 8.4±0.1 a 49.7±1.2 a 0.12±0.01a 13.73±0.69 a 22.0±1.7 a

Grazed
site

447.5±0.5 b 2.1±0.1 b 144.8±2.7 b 196.4±5.8 a 8.7±0.2 a 51.3±1.5 a 0.24±0.02 b 16.60±0.56 b 20.3±1.2 a

Different lowercase letters indicate significant differences between sites
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mass decay with high concentration of soluble
phenolics and soluble phenolics/N ratio (positive
values) while high N decay was associated with high
cellulose concentration, and high ratios of cellulose/N
and C/N in decaying tissues (negative values; Fig. 4).

Discussion

Our findings partially supported the hypothesis of the
study since differences in canopy structure induced by
grazing were reflected in the mass, chemistry and
decomposability of leaf litter, but did not account for
differences in some of those attributes in fine roots. In
agreement with our first prediction, annual leaf
litterfall was lower at the grazed than at the ungrazed
site. This is likely a consequence of the reduction in
the aerial plant cover caused by grazing as reported in
other studies (e.g., Schlesinger et al. 1990; Bisigato
and Bertiller 1997; Bertiller and Bisigato 1998;
Whitford 2002) but also may be the result of larger
shrub than grass contribution to the canopy cover.
Shrubs usually have longer leaf lifespan, lower leaf
turnover, and lower leaf shedding than grasses
(Whitford 2002; Carrera et al. 2000, 2003; Bertiller
et al. 2006; Campanella and Bertiller 2008). In
contrast to our first prediction, fine root production
did not vary between sites. This finding is consistent
with results of other study in the Patagonian Monte
(Rodríguez et al. 2007a) indicating that the reduction
of total and grass cover induced by grazing was not
necessary associated with the reduction of fine root
biomass in the upper soil layers during the wet season

(autumn). This fact was related to the ability of shrub
fine-roots to occupy the upper soil freed by fine roots
of grasses in these ecosystems (Rodríguez et al.
2007b). Our findings further supported this evidence
since the concentration of secondary compounds
(lignin and soluble phenolics) in fine roots was higher
at the grazed than at the ungrazed site and this could
be attributable to larger proportion of shrub fine-roots
(Rodríguez et al. 2007a).

Accordingly to our second prediction, the relative
increase of shrubs in canopy cover at the grazed site
was associated with increased concentration of N and
secondary compounds in leaf litter and increased
concentration of secondary compounds in fine roots.
Changes in chemical traits of leaf litter and fine roots
related to grazing disturbance could be associated
with changes in plant community structure due to
extinction or replacement of species with different
physiological and biochemical adaptations to the
environment (Wardle et al. 2002). But, also, changes
in chemical traits in plant tissues could result from
physiological changes at the individual plant level
(Findlay et al. 1996) in response to herbivory or other
environmental stresses (Holland and Detling 1990;
Bryant and Reichart 1992; Wardle et al. 2002).
Differences in tissue chemistry found in our study
could not be attributed to species replacement since
both the grazed and the ungrazed site showed nearly
the same floristic list. We also discarded eventual
changes in chemical traits of plant tissues at the
individual level since studies in the area showed little
variation within species in the chemistry of green and
senesced leaves and litter among sites with different
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aridity or disturbance regimes at local or regional
scales (Carrera el al. 2005; Moreno 2005; Campanella
and Bertiller 2008). Thus, the most probable cause of
chemistry variation in leaf litter and fine roots in our
study is the variation in the relative contribution of
grass and shrub species to the above-and below-
ground biomass.

According to our third prediction, the increasing
proportion of shrubs relative to grasses was related to
reduced rate of N release from leaf litter and both
mass and N decay from fine roots at the grazed site.
This could be directly attributable to differences in
tissue chemistry. Structural C pools such as lignin,
cellulose and other cell wall components are resistant
to enzymatic attack and microbial degradation
(Melillo et al. 1982; Hoorens et al. 2003). Soluble
phenolics could retain N in litter through the
formation of phenol-protein complexes and/or inacti-
vation of microbial enzymes (Aerts and Chapin
2000). Thus, both structural C and soluble phenolic
compounds may interfere in decomposer metabolism,
decelerating litter decay by microorganisms (Palm
and Sanchez 1991; Lambers et al. 1998; Aerts and
Chapin 2000). Leaf litter and fine roots had more
compounds recalcitrant to degradation at the grazed
than at the ungrazed site. However, in contrast to the
third prediction, the increase in the proportion of
shrubs relative to grasses in leaf litter did not reduce
its mass decay at the grazed site. Leaf litter mass and
C decay were higher at the grazed than at the
ungrazed site despite higher concentrations of lignin
and soluble phenolics. Probably, the high N concen-
tration in leaf litter at the grazed site could enhance
microbial activity and mass decay, but, at the same
time, the breakdown of leaf litter with high concen-
tration of phenolics could release precursors that
immobilize N, reducing N release (Mun and Whitford
1998; Mutabaruka et al. 2007). Furthermore, other
studies have reported that a substantial fraction of the
carbon fixed in the aboveground plant biomass as
lignin, cellulose and soluble phenolics could be lost
through photodegradation by UV radiation (Schade et
al. 1999; Austin and Vivanco 2006; Brandt et al.
2007; Parton et al. 2007). Photodegradation could
account for high mass loss of leaf litter with high
concentration of phenolics at the grazed area with low
plant cover.

Finally, results on mass decay of leaf litter obtained
in the ungrazed and the grazed site (0.024 and

0.030 month-1, respectively) of the Patagonian Monte
were within the range of variation reported for several
plant species from other semiarid and arid ecosystems
(0.015–0.600 month -1; Koukoura et al. 2003; Arriaga
and Maya 2007; Brandt et al. 2007). In contrast,
values of mass decay of fine roots in the grazed and
the ungrazed site (0.006 and 0.008 month-1) were
mostly lower than those reported for other ecosystems
(0.008–0.0575 month-1; Scheffer and Aerts 2000;
Silver and Miya 2001).

We concluded that changes in canopy structure
induced by grazing disturbance such as those ex-
plored in our study were related to reduced mass of
leaf litterfall and increased concentration of secondary
compounds of both leaf litterfall and fine roots. This
in turn affected mass decay and N release to soil from
decomposing tissues probably through the effect of
tissue chemistry on microbial activity. Accordingly,
we could conclude that changes in the relative
contribution of life form or species to the total plant
cover could have a significant impact on ecosystem
processes in these environments.
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