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Abstract Selective sheep grazing in arid rangelands
induces a decrease in total cover and grass cover and an
increase in the dominance of shrubs. Both life forms
differ in aboveground and belowground traits. We
hypothesized that grazing disturbance leads to the
replacement of grass by shrub fine roots in the upper
soil, and this is reflected in changes in the seasonal
dynamics of shallow fine roots at the community level.
In two sites representative of non-grazed and grazed
vegetation states in the Patagonian Monte, we assessed
the canopy structure, and the fine root biomass, N
concentration, production, and turnover during two
consecutive years. The non-grazed site exhibited higher
total, grass, and shrub cover than the grazed site. The
grazed site had larger or equal fine root biomass than the
non-grazed site except for late spring of the second year.
This could be associated with the ability of shrubs to
develop dimorphic-root systems occupying the soil freed
by grasses at the grazed site, and with the larger con-
tribution of grass than shrub fine roots in relation to an
extraordinary precipitation event at the non-grazed site.
This was consistent with the N concentration in fine
roots. Fine root production was positively correlated to
temperature at the grazed site and with precipitation at
the non-grazed site. Fine root turnover did not differ
between sites. Our results indicate that grazing leads to a
shifting in the seasonality and main climatic controls of
fine root production, while fine root turnover is mostly
affected by changes in soil water conditions.

Keywords Arid ecosystems Æ Fine root biomass Æ
N concentration Æ Shrub cover Æ Perennial grass cover

Introduction

Fine root production and turnover are key processes in
relation to carbon and nutrient cycling in terrestrial
ecosystems (Rao et al. 2001; Son and Hwang 2003).
Fine-root production often exceeds shoot production
(Dornbush et al. 2002), and therefore fine root decay
may represent one of the major inputs of organic matter
and nutrients to soil (Fernandez and Caldwell 1975;
Jackson et al. 1997; Gill et al. 1999, Gill and Jackson
2000; Gordon and Robert 2000; Whitford 2002).
Despite this, studies on fine root dynamics are scarce in
terrestrial ecosystems (Gill and Jackson 2000; Nadelh-
offer 2000; Zhao et al. 2009), and only a few addressed
simultaneously the rates of production and turnover of
shallow fine roots in arid ecosystems, particularly of the
southern hemisphere.

In semiarid and arid ecosystems, biological activity is
controlled by scarce, erratic, and discontinuous water
inputs (Noy Meir 1973; BassiriRad et al. 1999). Vege-
tation has a patchy structure dominated by shrubs and
perennial grasses alternating with areas of bare soil
(Bertiller and Bisigato 1998; Aguiar and Sala 1999;
Tongway and Ludwig 2005). Shrubs and perennial
grasses differ in above- and belowground morphological
traits related to resource acquisition and conservation
and display phenological asynchronism (Sala et al. 1989;
Bertiller et al. 1991; Whitford 2002). Shrubs produce
long-lived tissues with large amounts of secondary
compounds, such as lignin or soluble phenolics, pro-
tecting them against desiccation, herbivores, pathogens,
etc. (Aerts and Chapin 2000). Species of this life form
may have dimorphic or deep root systems and develop
vegetative and reproductive growth independently from
water inputs during spring-summer. In contrast, peren-
nial grasses produce tissues of short lifespan, with
low protection against abiotic factors and herbivores
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(Asner and Beatty 1996; Aerts and Chapin 2000; Rou-
met et al. 2006) and are shallow-rooted species display-
ing vegetative and reproductive growth in autumn-late
spring, coupled with precipitation inputs (Bertiller et al.
1991; Peláez et al. 1994; Gebauer et al. 2002; Snyder and
Tartowski 2006; Rodrı́guez et al. 2007b; Campanella
and Bertiller 2008). Moreover, these life forms may
differ in the chemical composition of their fine roots,
with shrubs showing higher N concentration in fine
roots than perennial grasses (Kemp et al. 2003; Moretto
and Distel 2003; Rodrı́guez et al. 2007a). These differ-
ences in N concentration in fine roots have been used in
other studies to evaluate the contribution of different
species and life forms to the total fine root biomass
(Corre-Hellou and Crozat 2005; Rodrı́guez et al. 2007a).

In arid environments, belowground biomass could be
four times higher than aboveground biomass (Jackson
et al. 1997; Peek et al. 2004), and a high proportion of
fine roots are located in the upper soil (Gill et al. 1999;
Silva and Rego 2003). In general, plants tend to maxi-
mize resource acquisition balancing above- and below-
ground growth rates, nitrogen concentration, and
longevity (Bloom et al. 1985). In this sense, fast-growing
structures such as fine roots tend to have relatively high
nitrogen concentrations and high turnover rates,
whereas slow-growing structures have relatively low
nitrogen concentrations and long life spans (Valverde-
Barrantes et al. 2007). Accordingly, carbon and nutrient
mass returned to soil through fine roots could be higher
than the decomposition of aboveground litter since fine
root growth and turnover are usually faster than those
of other plant parts (Gill and Jackson 2000; Nadelhoffer
2000; Zhao et al. 2009).

Disturbance such as grazing usually alters the relative
aboveground abundance and spatial distribution of
grass and shrub species, and these changes might influ-
ence belowground biomass and C allocation patterns as
well as C and nutrient cycles (Ludwig and Tongway
1995; Gill and Jackson 2000; Snyman 2009; Zhao et al.
2009). Our understanding of the effects of grazing on
belowground components and processes and their
eventual consequences on C and nutrient cycling in arid
ecosystems is still scarce. Previous studies in the Pata-
gonian Monte of Argentina reported that total and
perennial grass aboveground cover decreased, but fine
root biomass did not change across grazing gradients
(Rodrı́guez et al. 2007a). This was associated with the
ability of shrubs to allocate fine roots in the upper soil
compensating the eventual reduction of perennial grass
fine roots induced by grazing (Rodrı́guez et al. 2007b).
Also changes in fine root chemistry, such as increased
concentration of N, lignin, and soluble phenolics, were
associated with grazing (Rodrı́guez et al. 2007a; Carrera
et al. 2008). Based on this preliminary evidence, our
objective was to evaluate the production and turnover
rates of shallow fine roots in rangelands of the Patago-
nian Monte, Argentina. We hypothesized that grazing
disturbance leads to the replacement of perennial grass
fine roots by shrub fine roots (<2 mm diameter) in the

upper soil, and this is reflected in changes in the seasonal
dynamics of shallow fine roots (0–15 cm soil depth) at
the community level. We predicted that (1) grazing
would lead to the concentration of fine root production
in summer while fine root production would be con-
centrated in autumn-late spring in non-grazed vegeta-
tion states and (2) fine root turnover would be higher in
non-grazed than grazed vegetation states.

Materials and methods

Study area

The study area is located in the northeastern region of
the Chubut Province (Argentina), 40 km west of Puerto
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, http://www.
cenpat.edu.ar). Precipitation is slightly concentrated in
autumn–winter or evenly distributed during the year
(Coronato and Bertiller 1997). Vegetation is represen-
tative of the shrubland of Larrea divaricata Cav. and
Stipa spp., characteristic of the southern portion of the
Monte Phytogeographic Province, Argentina (Soriano
1950; Cabrera 1976). Both Typic Petrocalcids and Typic
Haplocalcids soils are present in the area (del Valle 1998;
Soil Survey Staff 1998). Sheep have been grazed in the
area since the beginning of the last century (Ares et al.
1990). The study was conducted within a typical pad-
dock of about 2,500 ha with a single watering point in a
corner, subjected to continuous grazing all year round
with a historical stocking rate of ca. 0.14 sheep ha�1

(Bertiller et al. 2002). Within this paddock, we selected a
floristically homogeneous vegetation stand 600 m from
the watering point. At this stand, we installed a 2 ha
enclosure (excluding domestic herbivores) and selected
an adjacent grazed site of about 2 ha in 1993 (Mazzarino
et al. 1998; Bertiller et al. 2002). Based on sheep fecal
counts (Bisigato and Bertiller 1997), the cover of
perennial grasses (Rodrı́guez et al. 2007a), and remote
sensing analyses (Ares et al. 2003), the grazed site is
characterized by high grazing intensity (Bertiller et al.
2002). Our study was carried out in the enclosure and in
the grazed site. Both areas are representative of con-
served (non-grazed) and disturbed (grazed site) vegeta-
tion states of the Patagonian Monte (Bisigato and
Bertiller 1997; Bertiller et al. 2002).

Characterization of study sites: climatic conditions,
soil moisture, and canopy structure

Monthly air temperature and monthly precipitation
from July 2004 to June 2006 were obtained from a
weather station located 40 km from the study area
(http://www.cenpat.edu.ar). We assessed the gravimetric
soil moisture at monthly intervals in 20 soil cores
(5.5 cm diameter and 15 cm depth) randomly extracted
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at each site during the study period (July 2004–June
2006). We recorded the total plant cover and the abso-
lute and relative shrub and perennial grass cover along
six randomly located 25-m linear transects by the line
intercept method (Mueller-Dombois and Ellenberg
1974) at each sampling site.

Root biomass and annual and seasonal fine root
production and turnover rate

During the period July 2004–June 2006, we randomly
collected 20 soil cores (5.5 cm diameter and 15 cm
depth) per site at monthly intervals. Fine (<2 mm
diameter) and coarse (>2 mm diameter) roots 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 accumulated fine root
production as the sum of the significant (p < 0.05)
positive increments of fine root biomass between con-
secutive sampling months (Defossé and Bertiller 1991;
Lauenroth 2000) during both years: July 2004–June 2005
(year 1) and July 2005–June 2006 (year 2). Similarly, we
calculated the accumulated fine root decay as the sum of
the significant (p < 0.05) decrements of fine root bio-
mass between consecutive sampling months minus the
sum of the significant increases in coarse root biomass
during both years (Defossé and Bertiller 1991; Lauen-
roth 2000). Then, we calculated the production of fine
roots by season at each site and year. Annual fine root
turnover rate (year�1) was calculated according to Gill
and Jackson (2000) as follows:

Annual fine root turnover rate

¼ annual fine root production

maximum fine root standing biomass

Nitrogen concentration in fine roots

We assessed the N concentration of fine roots by semi-
micro Kjeldahl (Coombs et al. 1985) in five randomly
selected subsamples at each site and season in both
sampling years.

Statistical analyses

We used ANOVA to test for significant differences in
(1) total and absolute and relative shrub and perennial
grass cover between sites; (2) fine and coarse root biomass
between sites, months, and years, (3) soil gravimetric
moisture, fine root production, and N concentration in
fine roots between sites, seasons, and years, (4) annual
fine root turnover rate and accumulated fine root pro-
duction and decay between sites. Variables were loga-
rithmically transformed in those cases in which
assumptions of ANOVA were not met (Sokal and Rohlf

1981). These statistical analyses were performed with the
statistical package SPSS 7.5 for Windows (Norusis
1997). We also evaluated the relationship among cli-
matic factors (precipitation, temperature, and gravi-
metric soil moisture) and seasonal fine root production
by detrended component analysis using PAST package
(Hammer et al. 2001) and by correlation analysis. Unless
otherwise noted, the level of significance throughout this
study was p £ 0.05.

Results

Characterization of study sites: climatic conditions,
soil moisture, and canopy structure

Precipitation was 162.5 and 192.5 mm for year 1 (July
2004–June 2005), and year 2 (July 2005–June 2006),
respectively. Precipitation events occurred throughout
the year. The highest precipitation event occurred at
the end of spring of the second year associated with
high temperatures (Fig. 1a). Soil moisture did not differ
between sites (F1,960 = 1.40, p = 0.25) but differed
between years, being higher in year 2 than in year 1
(F1,48 = 7.94, p < 0.01). The largest values of soil
moisture occurred in autumn and winter (Fig. 1b).

The non-grazed site exhibited higher total, shrub, and
perennial grass covers than the grazed site (Fig. 2). At
both sites shrub cover was higher than perennial grass
cover (F1,24 = 28.08, p < 0.001), and the relative cover
of shrubs was higher at the grazed than at the non-
grazed site (F1,12 = 28.43, p < 0.001).
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Fig. 1 a Mean monthly temperature and monthly precipitation in
the study area, and b monthly gravimetric soil moisture (0–15 cm
soil depth) at the non-grazed and grazed site during the period July
2004–June 2006
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Fine and coarse root biomass

Fine root biomass did not significantly differ between
years (F1,960 = 0.76, p = 0.54) but differed between
grazed and non-grazed sites depending on the sampling
month (significant interaction site · sampling month:
F11,960 = 2.18, p = 0.01). In general, the grazed site
showed larger or equal monthly values of fine root
biomass than the non-grazed one during years 1 and 2
except for December year 2 when fine root biomass was
larger in the non-grazed than in the grazed site (Fig. 3).
Monthly values of coarse root biomass (data not shown)
did not significantly differ between sites, sampling years,
or months (F1,960 = 0.23, p = 0.71; F1,960 = 16.09,
p = 0.16; F11,960 = 0.92, p = 0.52, respectively). Fine
root biomass was larger than coarse root biomass at
both sites (77.3 and 77.2% at the non-grazed and grazed
site, respectively).

Seasonal fine root production

Seasonal fine root production differed between sites
depending on the sampling season and year (significant
effect of the interaction site · sampling season · year:
F1,320 = 6.64, p < 0.001). In the first year, we did not
observe fine root production during summer and winter
at the non-grazed site and in winter at the grazed site. In
the second year, fine root production was higher at the
non-grazed than grazed site in spring while the reverse
occurred in summer (F1,40 = 5.45, p = 0.02; F1,40 =
4.42, p = 0.04, respectively). We did not observe fine
root production in autumn at any site in the second year
(Fig. 4).

Accumulated fine root production and decay
and annual turnover rates

Accumulated fine root production and decay did not
differ between sites (F1,40 = 0.05, p = 0.82; F1,40 =
3.12, p = 0.09, respectively). Accumulated fine root
production equaled fine root decay at the non-grazed
and grazed site (F1,40 = 1.2, p = 0.28; F1,40 = 0.71,
p = 0.40, respectively). In general, fine root decay lag-
ged about 1–2 months behind fine root production
(Fig. 5). Annual fine root turnover rate did not differ
between sites (F1,4 = 2.40, p = 0.26, Fig. 5).

Nitrogen concentration

Nitrogen concentration in fine roots differed between sites
depending on the season (significant effect of the interac-
tion site · sampling season: F1,80 = 3.36, p = 0.024). In
spring of the second year, the N concentration in fine roots
was lower at the non-grazed than grazed site (F1,10 = 8.19,
p = 0.021), while no differences were observed between
sites in the other seasons (Fig. 6).
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Relationship between climatic factors (precipitation,
temperature, gravimetric soil moisture) and seasonal
fine root production

The detrended correspondence analysis (DCA) and the
correlation analysis showed that precipitation was the
main climatic variable positively associated with pro-
duction of fine roots at the non-grazed site (positive
values in DCA axes 1 and 2, Fig. 7; and r = 0.739,
p = 0.05, respectively). In contrast, the production of
fine roots at the grazed site was associated with high
temperature (negative values in DCA axis 2, Fig. 7; and
r = 0.731, p = 0.04, respectively).

Discussion

Biomass and production of fine roots

Our findings supported our first prediction that changes
in canopy structure (reduced total and perennial grass
cover) induced by grazing disturbance are reflected in
the seasonal dynamics of shallow fine roots at the
community level. We found larger or equal fine root

biomass in the grazed than in the non-grazed site during
the 2-year observation period except for late spring
(December) of the second year when the non-grazed site
showed larger fine root biomass than the grazed site, in
relation to an extraordinary precipitation event. These
results are partially consistent with those reported in
other studies indicating that fine root biomass is not
reduced by grazing (Milchunas and Lauenroth 1989;
Pucheta et al. 2004; Rodrı́guez et al. 2007a). Probably,
our findings are associated with the ability of shrubs to
develop opportunistic dimorphic-root systems that
could eventually occupy the upper soil spaces freed by
fine roots of perennial grasses at the grazed site (Peláez
et al. 1994; Gebauer et al. 2002; Rodrı́guez et al. 2007a,
b). Moreover, fine root biomass could be promoted by
the input of nutrients through dung and urine at the
grazed site (McNaughton et al. 1998; Johnson and
Matchett 2001).

Our results on differences in the timing of shallow fine
root production between sites could also support the
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idea of differential fine root contribution of shrubs and
perennial grasses to the upper soil under different dis-
turbance regimes. Shrubs and perennial grasses show
aboveground phenological asynchrony (Bertiller et al.
1991; Campanella and Bertiller 2008). Previous studies
reported that shrubs may develop vegetative growth
independently from water inputs during spring-summer
or throughout the year. This was related to the fact that
deep roots of shrubs with dimorphic systems could reach
depths of more than 300 cm and take up water from
more stable deep soil sources than perennial grasses with
shallow root systems (Bertiller et al. 1991; Campanella
and Bertiller 2008). Thus, shrubs may be able to produce
shallow fine roots during summer periods coupled with
aboveground vegetative activity and the occurrence of
high temperatures and small precipitation events wetting
the upper soil (Pregitzer et al. 2000; Huang et al. 2008;
Zewdie et al. 2008). This is consistent with the high
correlation found between fine root production and
temperature at the grazed site. In contrast, perennial
grasses with shallow root systems and aboveground
inactivity during summer may not be able to use small
precipitation events and to produce shallow fine roots
during this dry season (Ehleringer et al. 1991; Dawson
and Pate 1996; Casper and Jackson 1997; Rodrı́guez
et al. 2007b). Our findings of higher fine root production
at the non-grazed than at the grazed site during spring of
the wettest year (year 2) could further support the idea
that perennial grasses may use water pulses to produce
fine roots only during the period of aboveground vege-
tative activity (Bertiller et al. 1991; Campanella and
Bertiller 2008). This is in agreement with the high cor-
relation between fine root production and precipitation
found at the non-grazed site. The predominance of fine
root growth of perennial grasses at the non-grazed site
during spring could also be partially supported by lower
values of N concentration in fine roots at this site than at
the grazed site (Rodrı́guez et al. 2007a). These results
provide some evidence of the effect of grazing on fine
root tissue chemistry through the replacement of her-
baceous by woody plants with eventual consequences on
the rates of ecosystem processes such as decomposition,
mineralization, and nutrient cycling as has been reported
for other rangeland ecosystems (Jackson et al. 2000;
Johnson and Matchett 2001).

However, our results could not explain why the
production of fine roots during summer was lower in the
non-grazed than in the grazed site despite a higher
absolute cover of shrubs in the former. Probably, high
perennial grass aboveground cover in the non-grazed
site was associated with high occupancy of the upper soil
by fine roots of perennial grasses preventing the prolif-
eration of fine roots of shrubs in the upper soil. This
would indicate some limited fine root carrying capacity
of the upper soil as proposed by Rodrı́guez et al. (2007b)
and also some spatial segregation of fine roots of dif-
ferent life forms as reported for plants growing in other
arid and semiarid environments and/or in those eco-
systems with low concentration of nutrient resources

(Schenk et al. 1999). Additionally, nutrient inputs
through dung and urine could partially explain larger
proliferation of shallow fine roots of shrubs in the
grazed than in the non-grazed site (McNaughton et al.
1998; Nadelhoffer 2000; Johnson and Matchett 2001).
These results highlighted that grazing led to a shifting
in the main climatic controls of fine root production
since, at the non-grazed site, precipitation is a main
control in contrast to temperature in the grazed one.
This is a relevant issue considering that intra- and
interannual variation in precipitation is high in arid
ecosystems and more variable than air temperature
(Coronato and Bertiller 1997). Accordingly, intra- and
interannual variation in fine root production in the
non-grazed site could be higher than that at the grazed
one.

Annual turnover rates of fine roots

In contrast to our second prediction, we did not find
differences in annual fine root turnover between sites in
spite of the expected differences in fine root chemistry
due to the eventual differential contribution of fine roots
of shrubs and perennial grasses (Rodrı́guez et al. 2007a,
b; Carrera et al. 2008). Annual fine root decay equaled
fine root production at both sites, and in general, an
event of production was followed by another of decay.
The lack of differences in annual fine root turnover
between sites could be attributable to the prevalence of
soil over root chemistry controls on fine root decay rates
in the upper soil as found in other studies (Eissenstat
and Yanai 1997; Pregitzer et al. 2000). In this sense, we
did not find differences in soil moisture between sites,
and the upper soil was submitted to a strong desiccation
in summer of both years as reported for other areas of
the Patagonian Monte (Coronato and Bertiller 1997).
Accordingly, we suggest that the most probable control
of turnover rates of fine roots in the upper soil at both
sites was the strong soil desiccation. Annual turnover
rates of fine roots in our study were around one (non-
grazed site: 1.04 and grazed site: 1.49 year�1) showing
that shallow fine roots are highly ephemeral in the upper
soil of both sites. These values were within the range of
values reported for other shrublands (0.02–1.92 year�1,
Gill and Jackson 2000; Huang et al. 2008). However, it
should be noted that there are few studies reporting rates
of fine root turnover in arid shrublands, despite the
importance of this process as a major pathway for C and
nutrient return to the soil in terrestrial ecosystems (Gill
and Jackson 2000; Norby and Jackson 2000; Jha and
Mohapatra 2010).

Conclusion

Our findings partially support our predictions since
grazing led to an increase in shallow fine root production
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in summer but did not affect fine root turnover. As we
hypothesized, increased fine root production under
grazing in summer could be associated with enhanced
root activity of shrubs maintaining leafing activity dur-
ing the dry period with high temperatures. But this
seems to be possible only in those soil spaces freed by
fine roots of perennial grasses. Extraordinary high water
inputs in spring promoted fine root production only
under conditions of high cover of perennial grasses (non-
grazed site). This is probably due to higher root growth
of perennial grasses during the period of high above-
ground vegetative activity of this life form and low root
growth of shrubs when upper soil water is not limiting.
These results highlighted that grazing led to a shifting in
the seasonality (late spring in non-grazed vs. summer in
grazed sites) and main climatic controls of fine root
production (precipitation in non-grazed vs. temperature
in grazed sites). Further, our results highlight that
desiccation cycles in the upper soil could be more
important than the chemistry of fine roots in relation to
fine root turnover. These results have consequences for
the conservation, dynamics, and management of these
rangelands. Intra- and interannual variation in fine root
production in the non-grazed site could be higher than
that in the grazed one, and no differences in annual fine
root turnover rates between sites would imply larger
aboveground than belowground effects of changes in-
duced by grazing on the input of organic matter and
nutrients to soil. However, the consequences of the
changes in the absolute or relative contribution of
shrubs and perennial grasses to fine roots in the upper
soil on ecosystem processes should be further explored.

Acknowledgments This research was funded by PICT 08-20454 and
02-02192 of the National Agency for Scientific, Technological
Promotion and PIP-112-200801-01664-CONICET, and PID 2011
8-18 Chubut Province. C. Larreguy’s fellowship is supported
by CONICET (National Research Council of Argentina) and
Provincia de Chubut (Argentina). Recognition is also given to
Mr. Fermı́n Sarasa who allowed access to the study area in
Estancia ‘‘San Luis.’’

References

Aerts R, Chapin FS (2000) The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. Adv Ecol
Res 30:1–67

Aguiar MR, Sala OE (1999) Patch structure, dynamics and impli-
cations for the functioning of arid ecosystems. TREE
14:273–277

Ares JO, Beeskow AM, Bertiller MB, Rostagno CM, Irisarri M,
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