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Changes in the spatial distribution of resources constitute an indicator of degradation of arid grazing lands. In arid
and semi-arid ecosystems, the distribution of soil resources has been commonly associated with the structure
and the spatial arrangements of the vegetation. Although the formation of “fertile islands” beneath vegetation
patches is well documented, much less is known about the changes induced by grazing systems on the distribu-
tion of soil resources. We examine how pastoralist settlements are affecting the spatial distribution of soil re-
sources and the soil nutrient balance in central-western woodlands of Argentina. We analyzed the distribution
of soil water, chloride, nitrate, total nitrogen, and organic matter at increasing distances from livestock corrals
and inundisturbedwoodlands, at different soil depths.We also calculated variation indexes of soil organicmatter
and total nitrogen produced by livestock settlements, as an indicator of degree of deterioration or improvement
of the soils. The transects located in pastoralist settlements demonstrated an increasing centripetal gradient in
availability of soil water and nutrients compared to transects outside of these disturbed areas. Livestock corrals
create local hotspots of nutrient enrichment, but when we analyzed the effects of livestock settlements at a
higher spatial scale, we found net losses of soil organic matter and total nitrogen. We conclude that the coupling
between nutrient and patch dynamics is disrupted by the pastoralist settlements, which caused a redistribution
of soil resources, controlled by the location from the livestock corrals. The processes that promote nutrient losses,
such as ammonium volatilization, denitrification, nitrate leaching, organicmatter oxidation, manure exports, and
soil erosion, are relatively higher than the extra inputs of dung and urine. Therefore, this study emphasizes the
role of grazing systems as modulators of water and nutrient fluxes, and soil nutrient balance.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Semi-arid woodlands contain rich biodiversity and provide soil-me-
diated ecosystem services, including carbon storage and nutrient cy-
cling (MEA, 2005). However, as a result of disturbance, woodland
structure and composition are changing, affecting ecological and hydro-
logical processes (Wilcox et al., 2003), and consequently some ecosys-
tem services (Foley et al., 2005). Changes in land use and land cover
play key roles in hydrological and biogeochemical processes, including
water, carbon, and nitrogen cycles (D'Odorico et al., 2010; McLauchlan
et al., 2014). Particularly, livestock grazing has been recognized as an
important factor affecting ecosystem function, altering the composition
and structure of plant communities, modifying accumulation and spa-
tial distribution of soil resources, and changing nutrient balance (Adler
et al., 2001; Milchunas and Lauenroth, 1993; Piñeiro et al., 2009).
.A. Meglioli).
Spatial heterogeneity of soil resources, at large scales, affects the dis-
tribution and productivity of plant communities and, at smaller scales,
influences plant establishment, growth and survival (Maestre et al.,
2003), and modulates morphological and physiological plant responses
(García-Palacios et al., 2012;Meglioli et al., 2016). In semi-arid environ-
ments, the distribution and availability of soil water and nutrients are
usually associated with the spatial distribution of vegetation patches
and rainfall variability (Austin et al., 2004; Breshears et al., 2009;
Huxman et al., 2004). Vegetation patches tend to accumulate litter
and plant material, and create a particular microenvironment that en-
hances carbon and nutrient cycling, and soil microbial activity beneath
plant canopies (Alvarez et al., 2009; Carrera et al., 2009; Facelli and
Brock, 2000; Rossi and Villagra, 2003). Canopy patches lead to higher
soil moisture, nitrogen, and organic matter content compared with
open intercanopy patches (Schlesinger et al., 1996; Titus et al., 2002).
As a consequence, changes in the structure and spatial arrangement of
vegetation patches have implications for ecosystem functioning
(Aguiar and Sala, 1999).
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In arid ecosystems, livestock grazing around pastoralist settlements
represents a typical land use that changes vegetation structure (Bertiller
et al., 2002), causing different plant spatial organization and heteroge-
neity (Bisigato et al., 2009). Vegetation changes modify the depth and
distribution of plant roots, influencing the distribution of soil resources
(Jackson et al., 2000; Jobbágy and Jackson, 2000). Understanding the ef-
fects of disturbance like grazing on vegetation patterns and soil water
and nutrient dynamics is useful to understand ecosystem functioning,
soil erosion processes, runoff and sediment fluxes in these landscapes
(Bisigato et al., 2008; Ravi et al., 2010), and has implications onmanage-
ment programs of semi-arid zones, where extensive grazing is themain
activity developed by human populations.

In water-limited ecosystems, the spatial distribution of livestock is
restricted by water availability. Livestock frequently congregate around
permanent watering points, generating areas of higher animal impact
called ‘Piospheres’ (Lange, 1969).Multiple researchers have found graz-
ing gradients, expressed as changes in vegetation cover (Brooks et al.,
2006; Landsberg et al., 2003; Todd, 2006) and in the physical and chem-
ical properties of soil (Shahriary et al., 2012; Smet andWard, 2006) as a
function of the distance from livestockwatering points. These landscape
focal points can concentrate soil resources from large foraging areas,
which are carried and deposited by domestic animals. Goats and cattle
consume plant and litter, reducing the local input of soil organic matter
in grazing sites. However, livestock can transport and return the nutri-
ents to the soil through urine and dung depositions, modifying carbon
and nitrogen cycles, and soil nutrient balances (Adler et al., 2001;
Mohamed Saleem, 1998). Urine and dung lead to increase in soil nitrate
and ammonium, which are soluble and volatile forms of nitrogen that
can produce high nitrogen losses via leaching and volatilization
(Augustine, 2003; Wachendorf et al., 2005). Grazing by domestic live-
stock may also exert strong influences on microbial functional commu-
nities involved in soil nutrient cycling (Patra et al., 2005).

In central-western Argentina, openwoodlands support the develop-
ment of local communities and their traditional production systems
(Jobbágy et al., 2011; Villagra et al., 2009). The lowmean annual precip-
itation of b200 mm in this environment is a limiting factor for agricul-
ture, but groundwater accessibility allows extensive livestock grazing.
Recent studies of the Central Monte desert (NE, Mendoza) indicated
that interdune valleys, characterized by woody legumes coupled to
groundwater, have higher productivity and availability of soil resources
than dune crests and flanks (Aranibar et al., 2011; Guevara et al., 2010;
Jobbágy et al., 2011; Villagra et al., 2011). Groundwater provision for
human and domestic animal consumption influences the spatial distri-
bution of livestock, generating disturbance gradients.

The establishment of a new settlement involves the partial removal
of the vegetation in ‘sacrifice areas’, including shrubs and trees, which
are used for the construction of corrals, wells, and households, and to
decrease the abundance of poisonous animals. Although these changes
have direct effects aboveground, decreasing cover of shrubs, grasses
and forbs (Goirán et al., 2012; Meglioli et al., 2014), they also cause
other less obvious changes belowground, which can potentially affect
hydrological and biogeochemical cycling. The reduced vegetation
cover in livestock stations causes greater soil water content in surface
and subsurface soils compared to undisturbedwoodlands. Additionally,
nutrient input from livestock dung and urine may increase nutrient
leaching in the sacrifice zone (Meglioli et al., 2014). Livestock grazing al-
ters spatial heterogeneity of vegetation and, consequently, disrupts
mechanisms of resource concentration in vegetation patches (Bisigato
et al., 2009). Therefore, woodlands with traditional livestock systems
in these ecosystems offer an opportunity to study changes in the spatial
distribution and availability of soil water and nutrients as a function of
the position from corrals, where manure deposition is higher.

This study examines how pastoralist settlements are affecting the
spatial distribution of soil resources in the horizontal and vertical
planes, and the soil nutrient balance in the Monte desert. Most studies
on nutrient cycling are on the upper layers of the soil where the greatest
biological activity occurs (Jobbágy and Jackson, 2001). However, we
know very little about nutrient and carbon cycling from deeper soil
layers of desert ecosystems (Jin et al., 2015). Soil analysis from deeper
samples (up to 200 cm in depth) can be useful to identify possible rain-
water percolation and nitrate leaching through the soil, depletion of soil
nutrients, and redistribution of solutes.

We hypothesized that spatially heterogeneous distributions of soil
resources associated with the structure and spatial arrangements of
the vegetation in the central Monte desert are modified by pastoralist
settlements, which redistribute soil water, nutrients, and solutes over
the landscape due to centripetal transport of nutrients towards the cor-
rals by livestock grazing and to the decreased plant demand given by
the partial removal of vegetation. In addition, we proposed that the
soils of livestock stations increase net losses of total nitrogen and organ-
ic matter due to increases in ammonium volatilization, nitrate leaching,
organic matter oxidation, soil erosion, and the export of manure to out-
side areas, compared to the soil of relatively undisturbed control wood-
lands (Fig. 1). In order to evaluate these hypotheses, we analyzed the
contents of soil water, chloride, nitrate, total nitrogen and organic mat-
ter at increasing positions from corrals and in control woodlands, at
three soil intervals (shallow, intermediate and deep). Spatial patterns
in soil resources were investigated comparing linear mixed models,
considering the effect of land use and location of soil profiles along the
transects in the interdune valleys. We expected to find edaphic changes
related to the proximity to the corrals in the livestock stations (slope of
regression line different from zero). However, the slope of regression
line along the transects in the control woodlands should not be signifi-
cantly different from zero due to natural spatial heterogeneity. We then
analyzed the relationships between soil characteristics, land use, and
vegetation patches, at different soil depth intervals.
2. Material and methods

2.1. Study area

The study area is the Telteca Natural and Cultural Reserve, located in
the central plains of northeastern Mendoza River, Argentina (32–33 S;
67–68 W; 500–550 m elevation), on the alluvial plain near the lower
Mendoza river. Geomorphologically, this region comprises a system of
transverse dunes oriented NNW–SSE separated by discontinuous val-
leys. The plain is composed of Holocene deposits (Tripaldi and
Forman, 2007), including soils with poorly developed horizons of recent
origin (Entisols).

The climate is arid with a mean temperature of 18.5 °C and large
daily and annual temperature ranges (48 °C absolute maximum and
−10 °C absolute minimum). The mean annual precipitation is
156 mm (1972–2014 average), occurring almost exclusively during
the spring and summer (from October to March) (Meglioli, 2015). Be-
cause rainfall is scarce and permanent rivers are not present in the re-
gion, groundwater is the most important source of water in the
lowlands. The water table is located 6–15 m below the surface
(Gomez et al., 2014). Shallow groundwater is used by phreatophyte
vegetation in the interdune valleys, although groundwater is inaccessi-
ble to plants in dune crests and flanks (Jobbágy et al., 2011). Stable iso-
tope composition of groundwater indicates that the aquifer is remotely
recharged by precipitation in the Andes, N100 km away, with a negligi-
ble local recharge by drainage of summer rainfall (Jobbágy et al., 2011).

The vegetation is representative of the central Monte Biogeographic
Province, with openwoodlands of Prosopis flexuosa accompanied by xe-
rophytic shrubs such as Larrea divaricata, Capparis atamisquea,
Trichomaria usillo, Lycium tenuispinosum, Atriplex lampa, and Suaeda
divaricata (Villagra et al., 2004). Dunes have a lower vegetation cover
and are dominated by shrub species such as T. usillo and L. divaricata
coexisting with small trees of P. flexuosa, and the grass Panicum
urvilleanum (Villagra et al., 2004).



Fig. 1. Conceptual scheme of the effects of livestock stations on nutrient dynamics in the Central Monte desert. Themain nutrient fluxes for both landuses are indicatedwith the arrows. In
livestock stations, nutrients are transferred towards corrals through urine and dung depositions by animals; however, rates of processes that cause nutrient losses, such as ammonium
volatilization, nitrate leaching, and manure exports, increase in disturbed sites. In control woodlands, vegetation patches contribute to the accumulation of leaf litter, enhancing
nutrient cycling, and lead to soil nutrient retention despite their removal via plant uptake.
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Prosopiswoodlands in the central Monte have a relatively high pro-
ductivity and provide valuable resources (i.e. wood, forage, fruits) to
pastoralist communities (Inojosa et al., 2010). During the 19th century,
trees were cut down for building railroads and vineyards in irrigated
oases, causing the loss of woodlands (Rojas et al., 2009; Villagra et al.,
2009). Currently, a proportion of the remaining woodlands conform a
protected area of around 20.000 ha (Villagra et al., 2010) and, as permit-
ted by law, wood can only be extracted by the local inhabitants to meet
domestic fuel and construction needs (e.g. houses, wells and corrals).

Local people living in these woodlands have subsistence livestock
production (predominantly goats and cattle) in permanent livestock
stations (Torres, 2008). Areas with reduced plant cover associated
with livestock grazing are detected up to 2 km away from livestock sta-
tions by satellite images (Goirán et al., 2012), but the main effects of
vegetation removal are evident approximately 50 m around corrals
and water points (Meglioli et al., 2014). In the region, environmental
factors, such as the distances to rivers and old river beds, influence live-
stock settlements spatial distribution (Millán et al., 2015), causing a pat-
tern of settlement aggregation around rivers and old river beds, and
dispersion in the aeolian plain (densities around 0.08 settlements/
km2), far from surfacewater features (Goirán et al., 2013). In the aeolian
plain, access to public services such as drinking water, electricity and
transport to nearby cities is scarce and settlements are dispersed, in a
matrix of relatively undisturbed woodlands. For this study, we selected
livestock stations located in interdune valleys of the aeolian plain.
2.2. Experimental design

Soil samples were collected in February 2011, from soil profiles situ-
ated at six experimental units, including three livestock stations and
their paired relatively undisturbed ‘control’ woodlands. The analyzed
livestock stationswere established N80 years ago; and vegetation struc-
ture and surface soil characterization of these paired sites (site 1: ‘La Pri-
mavera’; site 2: ‘Las Delicias’ and site 3: ‘Las Hormigas’) were performed
in previous studies by Meglioli et al. (2014, 2016). Although our study
area includes landscapes with multiple topographic positions (dune
crests, midslopes, footslopes, and interdune valleys), we only located
sampling points in the interdune valleys, ensuring the same topograph-
ic relief (lowland areas), which have slopes b3% (Vega Riveros et al., un-
published data). At each site, we conducted one 70-m linear transect in
the valley lowland, where we sampled 13 to 15 soil cores (up to
200 cm depth), every 5 m. In livestock stations, the transect was laid
from a corral, running towards the woodland boundary. In control
woodlands, the transect started at the bottom of the valley lowland,
and was representative of natural spatial heterogeneity, including dif-
ferent vegetation patches (Fig. 2). We also registered the presence of
trees, shrubs, forbs, grasses, bare soil, and litter in one quadrat of 1 m2

at each sampling point.
2.3. Soil sampling and chemical analyses

Although most piosphere studies have focused on the upper layers
of the soil where the greatest biological activity occurs (Shahriary et
al., 2012; Smet andWard, 2006), we decided to consider a coarser strat-
ification because ecohydrological processes, such aswater drainage and
nutrient leaching, are reflected at deeper soil layers in our region of
study (Aranibar et al., 2011; Jobbágy et al., 2011). The vertical distribu-
tion of the sediments is somehow homogeneous in texture, being com-
posed of fine sands, without marked horizon changes (Gomez et al.,
2014). Fine roots are better developed from surface to 50 cm depth
(Aranibar et al., 2011), where plants interact with soil solutes and con-
tribute to soil organic matter. Changes in ecohydrological indicators
(soil moisture, nitrate, and chlorides) were observed at 50 cm intervals,
providing a useful approach to assess vegetation activity on deep water
drainage, nitrogen absorption and retention (Meglioli et al., 2014). In
this sense, chloride distribution in the soil is often used as a tracer of
water transport, particularly in arid and semi-arid systems (Herczeg
and Leaney, 2011). Leaching of large soil chloride stocks in desert sys-
tems indicates lowwater uptake rates and theoccurrence of deep drain-
age (Scanlon et al., 2006). Therefore, representative soil samples were
taken at three depths of 0–50 cm (shallow), 50–100 cm (intermediate)
and 150–200 cm (deep) at each sampling point, using hand soil augers.
The soil intervals included several subsamples, at different depths with-
in the interval, which were thoroughly mixed to constitute a composite
soil sample. Soils were collected to determine moisture, chloride, ni-
trate, organic matter (SOM) and total nitrogen (TN) contents, electric
conductivity (EC) and pH. A subset of sampleswas stored in closed plas-
tic bags for gravimetric soilmoisture determination. The rest of the sam-
ples were air dried in the field.

In the laboratory, gravimetric moisture content was determined for
soil subsamples byweighingmoistfield samples before and after drying
at 105 °C for 48 h. Chloride concentration, EC and pH were determined



Fig. 2. Schematic representation of the sampling design. A linear transectwas laid across three paired stands in relatively undisturbed (control woodland) anddisturbed (livestock station)
interdune valleys in the Central Monte desert. In livestock stations, the transect was laid from a corral, running towards the woodland boundary, while in control woodlands the transect
started at the bottom of the valley. On each transect, we indicate the sampling points (filled circles), where soil cores were extracted (up to 200 cm depth), every 5 m.
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in soil extracts of 25 g of soil and 50 ml of deionized water, using a por-
table multi-parameter meter with a chloride ion-selective electrode
(Thermo Scientific Orion Star A329), a conductivity meter (WTW LF
91) and a pH meter (Denver Instrument UP-25), respectively. Nitrate
was extracted by shaking 5 g of air dried soil in 25ml of extracting solu-
tion, composed of 2.5 g of CuSO45 H2O, 0.15 g of Ag2SO4, 0.62 g of BO3H3

in 1000 ml of deionized water. Nitrate concentrations were determined
by spectrophotometry (HACH DR 2800 spectrophotometer) with the
cadmium reduction method, after adjusting the soil extracts to pH 7
with sodium hydroxide (1%) and filtering. The SOM contents were de-
termined by dry combustion (Davies, 1974), while TN contents were
determined according to the Kjeldahl method (Pearcy et al., 1989). Al-
though the method of loss on ignition (Davies, 1974) could overesti-
mate the SOM values in comparison to other methods, we considered
it suitable to process large numbers of soil samples at one time, and
compare sites with different treatments. In addition, dry combustion
method does not produce toxic wastes and correlates well with wet ox-
idation methods (Wang et al., 2012).

2.4. Data analyses

2.4.1. Soil water, solutes, organic matter, nutrients and pH distribution
We used linear mixed models (LMM) to evaluate whether the esti-

mated edaphic variables differed with land use (control woodlands
and livestock stations) and position along the transect for three soil
depth intervals (shallow, intermediate and deep). For this purpose, we
analyzed separate models, at each soil interval, using land use (U), posi-
tion along the transect (P) (location of the soil profiles within the tran-
sect, in meters), and their interaction (U × P) as fixed factors. The
LMM structures considered the sites (1, 2, 3), with soil profiles nested
within each site as random factors. For each edaphic variable, we ranked
models and selected the best model using Akaike information criterion
(AICc) (Burnham and Anderson, 2002). The relative importance of each
model was scored according to Akaike weights (w), which indicate the
probability that themodel is the best among the whole set of candidate
models. The top ranked models that differed from the AIC of the best-
fitting model by b4 (dAIC b 4) were retained for mean parameter esti-
mation. Parameters were estimated by restricted maximum likelihood
(REML) using the ‘model.avg’ function of the MuMIn package (Barton,
2014). The z-values were computed as the test statistic for the average
parameters (intercepts and slopes).When absolute value of the z-statis-
tic was higher that 2.0 (corresponding to a test with a significance level
ofα=0.05) the variable was significant to explain the data. All the sta-
tistical analyses were carried out by using the R program (R
Development Core Team, 2013).

2.4.2. Influence of vegetation patches on soil chemical parameters
We evaluated the effects of different vegetation patches and litter

found in the quadrats of each sampling point on chemical variables for
each soil depth interval, using stepwise backward variable selection of
the respective regression models. Regression analyses were only per-
formed at the three control woodlands, where vegetation was formed
by heterogeneous patches. This analysis could not be performed in live-
stock stations, where vegetation and litter were absent, and the sam-
pling points had bare soil surface and dung depositions. We grouped
the control woodland quadrats (n = 40) within three plant functional
compositions, as follows: Legume (only Prosopis), Mixed (Prosopis with
shrubs - grasses), Non-legume (shrubs, grasses and forbs separated or
combined). Therefore, for each response variable (log-transformation
of moisture, chloride, electric conductivity, nitrate, organic matter and
total nitrogen) we selected the significant descriptor variables (Legume,
Mixed, Non-legume and Litter) of the final model (minimum AIC) by
stepwise regression analysis. The criterion for inclusion of a descriptor
variable in the final model was P b 0.05.

2.4.3. Index of variation in soil nutrients produced by livestock stations
Variation indexes reflect the changes in soil nutrients as a percent-

age, and can indicate the degree of deterioration or improvement of
soils (Wang et al., 2001). We calculated variation indexes of SOM and
TN produced by livestock stations for the three soil depth intervals
(shallow, intermediate, and deep), considering all sampling points
along the transects. The indexes were calculated assuming that soil nu-
trient concentrations were similar for both land uses (livestock stations
and control woodlands) before pastoralist establishments. The indexes
(I) were separately calculated for TN and SOM, and expressed as per-
centages, as follows:

TNI ¼ TNL−TN base:

SOMI ¼ SOML−SOM base:
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where TNI and SOMI are the indexes of variation of total nitrogen and
soil organic matter, respectively, at each soil interval; TNL and SOML
are the values of nitrogen total and soil organic matter, respectively,
from soils of the livestock stations; and TN base and SOM base are the
reference values of TN and SOM, respectively, for soils fromwoodlands,
obtained by averaging all soil values, at each soil interval, within wood-
lands (n = 40 samples at each depth). Positive and negative values in-
dicate enrichment and loss, respectively, of TN and SOM in the
ecosystem produced by livestock stations.

2.4.4. Relationships among soil chemical parameters with land use
We performed a principal component analysis (PCA) to determine

first relationships among soil chemical variables, and to establish asso-
ciation of soil samples grouped by soil properties variation (n = 7).
The PCA ismultivariatemethod for integrated assessment of collinearity
of multiple parameters that can be useful to separate forest areas as a
function of soilmanagement (Sena et al., 2002). For this analysis, edaph-
ic data were included into the PCA and log transformed, except for pH.
Correlation analysis was performed with Pearson's test for linear rela-
tionships between edaphic variables. The PCA used chemical data of
all soil samples collected at the three sites. Biplot with the two signifi-
cant principal components was used to better interpret the relation-
ships between the soil samples (n = 246) and variable spaces plotted
simultaneously. In this case, we separated the soil samples considering
three levels of land use intensity (control woodlands, livestock stations,
and corrals) for each soil depth interval (shallow, intermediate, and
deep). In livestock stations, we considered sampling points located
Table 1
Model selection statistics of three soil depth intervals to evaluate the effect of land use (U),
multimodel inference.Models were ranked using Akaike information criterion (AICc). Plus signs
importance of each model. Candidate models (dAIC b 4) are highlighted in bold.

Edaphic variable Rank Shallow Interme

AICc w U P U × P AICc

Moisture 1 234.1 0.99 + + + 208.2
2 249.7 0.00 + 208.7
3 250.2 0.00 + + 213.8
4 255.2 0.00 214.7
5 255.9 0.00 + 220.1

Chloride 1 970.3 0.97 + + + 954.4
2 978.2 0.02 + 959.7
3 980.3 0.00 + + 960.8
4 984.9 0.00 971.2
5 987.0 0.00 + 972.2

EC 1 1166.0 0.99 + + + 1176.1
2 1186.1 0.00 + + 1180.0
3 1187.9 0.00 + 1180.1
4 1195.6 0.00 + 1193.5
5 1197.3 0.00 1193.6

Nitrate 1 582.2 0.80 + + + 532.9
2 586.0 0.12 + 536.3
3 586.9 0.08 + + 538.9
4 595.4 0.00 539.7
5 596.5 0.00 + 543.1

SOM 1 56.7 0.86 −71.9
2 60.4 0.13 + −68.2
3 65.0 0.01 + −57.5
4 68.9 0.00 + + −53.8
5 80.1 0.00 + + + −40.3

TN 1 −496.1 0.89 −661.9
2 −491.9 0.11 + −657.9
3 −478.1 0.00 + −640.1
4 −473.5 0.00 + + −635.8
5 −456.2 0.00 + + + −619.1

pH 1 132.3 0.68 + 184.7
2 135.1 0.17 185.4
3 135.7 0.12 + + 187.0
4 138.4 0.03 + 187.7
5 146.8 0.00 + + + 198.1
inside the corrals or in their immediate vicinity (b10 m away), as be-
longing to the “corral” category, because of strong effects of dung and
urine on edaphic variables.
3. Results

3.1. Soil moisture, solutes, organic matter, and nutrient distributions

Content and spatial distribution of soil water, solutes, and nutrients
were affected by land use and position along the transect, showing
changes in their relative importance for the different soil depths
(Table 1). In general, the effects of land use and position along the tran-
sect on each edaphic variable were decreased at the intermediate and
deep soil intervals (Figs. 3 and 4). Compared with control woodlands,
livestock stations modified the contents of soil moisture, chloride, ni-
trate, and salinity (i.e., electric conductivity), generating a centripetal
concentration influenced by the proximity to the corrals (first sampling
points). For these edaphic variables, the linear models with interaction
between main effects were significant at the shallow and intermediate
intervals. For SOM, TN and pH, themodels without interaction between
land use and position along the transect had lower AIC values and were
the best among the whole set of candidate models (Table 1).

In Table 2, we provide the parameters estimated from LMM for each
soil depth interval, including the differences in intercepts and slopes
found between both land uses; and we explain these results of LMM
for each edaphic variable, highlighting their ecological significance.
position along the transect (P) and their interaction (U × P) on edaphic variables, using
indicate the fixed effects included in eachmodel. Akaikeweights (w) indicate the relative

diate Deep

w U P U × P AICc w U P U × P

0.53 + + + 208.9 0.56 + +
0.41 + 210.4 0.26 +
0.03 212.4 0.10 +
0.02 + + 213.6 0.05
0.00 + 215.1 0.02 + + +
0.90 + + + 918.4 0.44 + + +
0.06 + + 918.6 0.40 + +
0.03 + 920.5 0.16 +
0.00 + 942.4 0.00 +
0.00 944.4 0.00
0.78 + + + 1173.1 0.64 + + +
0.11 + + 1175.5 0.19 +
0.10 + 1175.7 0.17 + +
0.00 + 1192.8 0.00
0.00 1192.8 0.00 +
0.78 + + 490.1 0.97 +
0.14 + 498.6 0.01 + +
0.04 + + + 499.1 0.01
0.03 + 505.1 0.00 + + +
0.00 507.4 0.00 +
0.86 −81.6 0.76
0.14 + −79.2 0.24 +
0.00 + −68.2 0.00 +
0.00 + + −65.8 0.00 + +
0.00 + + + −52.3 0.00 + + +
0.89 −692.7 0.99
0.11 + −680.8 0.01 +
0.00 + −671.1 0.00 +
0.00 + + −659.1 0.00 + +
0.00 + + + −642.5 0.00 + + +
0.45 197.2 0.71
0.31 + 199.7 0.21 +
0.14 + 202.2 0.06 +
0.10 + + 204.6 0.02 + +
0.00 + + + 214.8 0.00 + + +
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Livestock stations had greater soil moisture than undisturbedwood-
lands, and also exhibited decreasing moisture contents with increasing
soil depth and position to corrals (Fig. 3a). Soil moisture, at the shallow
and intermediate intervals, showed a negative linear response to in-
creasing the position along the transect in livestock stations, which
was insignificant in control woodlands. These differences between
land uses decline towards deeper soil layers (Table 2).

Chloride concentrations in livestock stationswere lower than in con-
trol woodlands, and showed changes in the regression lines at different
soil depth for both land use (Fig. 3b). As a consequence, the bestmodels
(lower AICc values) indicated that spatial distributions were deter-
mined by the integration of main effects. Compared to control wood-
lands, chloride contents in livestock stations declined with increasing
the position along the transect at the shallow interval, but did not
show changes in the slope of regression lines at the deeper soils
(Table 2).

Salinity, indicated by electric conductivity, in livestock stations
showed a significant decrease at the deeper soil layers (Fig. 3c). The
best-fitting model for electric conductivity included the interaction of
fixed effects (U × P), decreasing their relative importance with soil
depth (w) (Table 1). The comparison of the regression lines indicated
that electric conductivity had significantly negative responses to in-
creasing position along the transect in livestock stations at the shallow
and intermediate intervals (Table 2).

Nitrate contents were higher in livestock stations for all three soil
layers, with significantly higher concentrations in the shallow soils of
Fig. 3. Distribution of soil moisture (a), chloride (b), electric conductivity (c), and nitrate (d) in
column), intermediate (second column) and deep (third column) soil intervals. Each symbol (cir
effects (U: land use, P: position along the transect, U + P: additive effect, U × P: interactive e
control woodlands (black) and livestock stations (gray). Horizontal lines indicate the effect of U
corrals and surroundings than in undisturbed woodlands (Fig. 3d). In
livestock stations, soil nitrates significantly decreased along the transect
at the shallow intervals, compared with control woodlands. We ob-
served a negative relationship to the position along the transect at the
intermediate intervals, which was insignificant at the deep layers, in
both land uses (Table 2).

Soil organic matter decreased with increasing soil depth for
both land uses, and contents were significantly lower in the deep inter-
val from livestock stations than in that from undisturbed woodlands
(Fig. 4a). Although the null models had lower AIC values from set of
models, the second model, with a dAIC b 4, included land use as an
explaining variable (Table 1). The slopes of the regression lines for
SOM were not significantly different from zero for the three soil layers
(Table 2).

Compared with undisturbed woodland soils, livestock stations had
lower levels of total nitrogen, except at deep soil interval where con-
tents increased (Fig. 4b). The parameters estimated (coefficients) for
both land uses showed significant differences in intercepts, but not in
the slopes of regression lines (Table 2). This analysis suggested that var-
iations in TN at the different soil depths were dependent on land use.

Soil pH was alkaline, with lower values in shallow samples than in
intermediate and deep samples for both land uses (Fig. 4c). Several can-
didate models had similar empirical support to explain the changes in
soil pH (Table 1). We found significant positive relationships between
pH and the position along the transect, at the shallow and intermediate
intervals, for both land uses (Table 2).
control woodlands (filled circles) and livestock stations (open circles) for the shallow (first
cles) represents a single measurement. Letters inside each plot show the significant fixed
ffect) affecting each edaphic variable. Solid lines correspond to the linear regressions for
, but not P; while dotted lines indicate only influence of P.



Fig. 4.Distribution of soil organic matter (a), total nitrogen contents (b), and pH (c) in control woodlands (filled circles) and livestock stations (open circles) for the shallow (first column),
intermediate (second column), and deep (third column) soil intervals. Each symbol (circles) represents a single measurement. Letters inside each plot show the significant fixed effects (U:
land use, P: position along the transect, U + P: additive effect, U × P: interactive effect) affecting each edaphic variable. Solid lines correspond to the linear regressions for control
woodlands (black) and livestock stations (gray). Horizontal lines indicate the effect of U, but not P; while dotted lines indicate only influence of P.
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3.2. Influence of vegetation patches and litter on soil chemical parameters

We found that Litter presence within the sampling plots was a de-
scriptor variable with significant and positive influences on all chemical
variables of shallow soils. Different vegetation patches did not produce
significant changes on soil moisture, but significantly affected values
of chloride and electric conductivity in the shallow, with lower values
than intermediate and deep intervals. The presence of plants from the
Legume group decreased nitrate concentration in deeper soils. We also
found that the presence of Prosopis (in the Legume and Mixed group),
in addition to Litter, increased organic matter in shallow soils. All plant
functional groups were descriptor variables retained in the final model
Table 2
Parameters estimated from linearmixedmodels for each soil depth interval considering the effe
Parameters were obtained averaging top rankedmodelswith δAIC b 4, using the ‘model.avg’ fun
gram (RDevelopment Core Team, 2013). For each edaphic variable, significant differences (P N |
woodland as a reference. Significance codes: P b 0.01 ‘***’; P b 0.05 ‘**’; P b 0.1 ‘*’; n.s. = not si

Soil interval Parameter Land use Moisture Chloride EC

Coef. P-value Coef. P-value Coef.

Shallow Intercept Woodland 2.18 *** 20.9 n.s. 378.4
Livestock 3.88 *** 144.6 * 602.7

Slope Woodland 0.00 n.s. 0.6 n.s. −0.2
Livestock −0.05 *** −4.0 *** −15.3

Intermediate Intercept Woodland 1.95 *** 62.6 n.s. 549.4
Livestock 1.93 ** −14.2 n.s. −141.3

Slope Woodland 0.00 n.s. 2.2 * 3.8
Livestock −0.03 *** −3.1 ** −6.7

Deep Intercept Woodland 2.66 *** 225.1 *** 871.6
Livestock 0.69 * −198.4 *** −547.4

Slope Woodland −0.02 *** −0.6 n.s. 3.3
Livestock 0.00 n.s. 0.3 n.s. −5.4
of total nitrogen, positively influencing nitrogen contents in shallow
soils, when compared to intermediate and deep soils (Table 3).

3.3. Variation in soil nutrients produced by livestock settlements

Indexes of change in SOM and TN in response to land use were neg-
ative, indicating decreasing nitrogen and organic matter caused by live-
stock activity, except for TN at the deep soil interval. The SOM index
indicated increasing deterioration with soil depth, reaching a 25% de-
crease in the deeper soils. The TN index showed a higher depletion in
the shallow and intermediate layers, with up to 30% and 20% decrease,
respectively, but an enrichment at the deeper soil interval (Fig. 5).
ct of land use (intercept) and position along the transect (slope) on each edaphic variable.
ction of theMuMIn, themulti-model inference package (Barton, 2014) by using the R pro-
z| value) in intercepts and slopes of regressionmodels are included, considering the control
gnificant.

Nitrate SOM TN pH

P-value Coef. P-value Coef. P-value Coef. P-value Coef. P-value

*** 8.80 *** 0.96 *** 0.025 *** 7.97 ***
** 14.02 *** −0.05 n.s. −0.009 *** −0.01 n.s.
n.s. −0.02 n.s. 0.00 n.s. 0.000 n.s. 0.01 ***
*** −0.27 *** 0.00 n.s. 0.000 n.s. 0.00 n.s.
*** 8.90 *** 0.72 *** 0.015 *** 9.04 ***
n.s. 6.71 *** −0.13 n.s. −0.004 *** −0.48 n.s.
n.s. −0.09 * 0.00 n.s. 0.000 n.s. 0.01 ***
** 0.00 n.s. 0.00 n.s. 0.000 n.s. 0.00 n.s.
*** 3.59 *** 0.70 *** 0.016 *** 9.07 ***
** 8.41 ** −0.20 * 0.002 n.s. −0.16 n.s.
n.s. −0.01 n.s. 0.00 n.s. 0.000 n.s. 0.01 n.s.
n.s. −0.05 n.s. 0.00 n.s. 0.000 n.s. 0.00 n.s.



Table 3
Dependence of different soil chemical properties on the presence of vegetation with three plant functional compositions and litter. The coefficients of themultiple regressions refer to the
final accepted model, using stepwise backward variable selection. We only included the effects of the significant variables (P b 0.05). Edaphic variables were log transformed.

Descriptor variable Soil interval Moisture Chloride EC Nitrate SOM TN

Coef. P-value Coef. P-value Coef. P-value Coef. P-value Coef. P-value Coef. P-value

Intercept 0.25 b0.001 1.71 b2e−16 2.72 b0.001 0.77 b0.001 −0.15 b0.001 2.23 b0.001

Litter Shallow 0.13 0.002 0.40 0.036 0.23 0.014 0.11 b0.001 0.11 0.012
Intermediate 0.48 0.012 0.13 0.005
Deep 0.17 0.040

Legume Shallow −0.45 0.049 −0.24 0.006 0.09 0.046 0.16 0.002
Intermediate
Deep −0.20 0.031

Mixed Shallow −0.53 0.047 0.14 0.012 0.18 0.003
Intermediate
Deep

Non-legume Shallow −0.58 0.012 −0.24 0.005 0.15 0.005
Intermediate
Deep
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3.4. Relationships among soil chemical properties and land use

We found multiple linear relationships among edaphic variables,
considering their log-transformation. Pearson correlation analysis
showed that soil pHwas negatively and significantly (P b 0.0001) corre-
lated with moisture, nitrate, organic matter, and total nitrogen content
(r=−0.22; r=−0.28; r=−0.38; r =−0.34, respectively). Electric
conductivity and chloride concentrations showed a strong positive cor-
relation (r= 0.80; P b 0.0001). Chloride and electric conductivity were
directly proportional to SOM (r = 0.35; P b 0.0001) and TN (r = 0.19;
P b 0.002); and inversely proportional to nitrate contents (r = −0.28;
r = −0.17; P b 0.006, respectively). Soil moisture had positive correla-
tions with nitrate (r = 0.32; P b 0.0001) and organic matter contents
(r = 0.22; P b 0.006).

The PCA of the soil chemical properties summarized the variation of
the data on the two major independent principal components, which
together explained 59% of the total variance in the data. Component 1
was primarily affected by electric conductivity, chloride, and SOM
(0.54; 0.53 and 0.48 eigenvectors, respectively), accounting for 33% of
the variation in the data. Component 2 was primarily weighed by ni-
trate, pH andmoisture (0.55;−0.50; and 0.41 eigenvectors, respective-
ly), explaining 26% of the variation (Fig. 6a).

Results from the PCA visually separated three groups of soil samples.
Group 1 dominated samples taken from distinct soil layers in livestock
stations, which had lower values of electric conductivity, chloride and
Fig. 5. Variation indexes of soil organic matter (black bars) and total nitrogen (gray bars)
produced by livestock stations. Reference value of control woodlands is indicated by the
horizontal line at zero.
SOM. Group 2 combined samples taken from subsoils (intermediate
and deep intervals) in control woodlands, which were characterized
by increased pH values and decreased nitrate and moisture contents.
Fig. 6. Principal component analysis (PCA). (a): Visualization of relationships between
edaphic variables (arrows) for the first two principal components. Soil chemical
parameters are moisture, chloride, nitrate, electric conductivity (EC), organic matter
(SOM), total nitrogen (TN), and pH. (b): Representation of relationships between the
soil samples (n = 246) and variable spaces plotted simultaneously. Each symbol
represents a single measurement for sampling soils in control woodlands (circles),
livestock stations (triangles), and corrals (squares) at the shallow, intermediate, and
deep intervals. Numbers inside plots indicate groups of soil samples.
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Group 3 included heterogeneous samples taken from the shallow inter-
val of control woodlands and from the corrals, which had higher values
of SOM and TN (Fig. 6b).
4. Discussion

4.1. Spatial patterns of soil resources

Land use and land cover change constitute the major factors affect-
ing water and energy fluxes and nutrient cycling within ecosystems
(D'Odorico et al., 2010; Ravi et al., 2010). This study shows that spatial
patterns of soil water, nutrients, and solutes across woodlands in the
central Monte desert are dependent upon a complex group of factors,
including land use, soil depth, vegetation, and distance to corrals. Soil
water and nutrients were heterogeneous and affected by the presence
of litter and multi-species patches in relatively undisturbed woodlands,
in agreement with other studies (Abril et al., 2009; Alvarez et al., 2009).
Our findings indicate that spatially heterogeneous distributions of soil
water and nutrients created by vegetation patches in interdune valleys
were modified by land use for pastoralist settlements. High grazing
pressure causes losses of the vegetation's spatial arrangement,
relocating soil resources as a function of distance from the corrals. We
found that local sinks, as SOM and nutrients, were located in corrals.
However, when the effects of livestock settlements on soil nutrient sta-
tus were viewed in the context of all the ‘sacrifice area’, including soils
collected inside and outside corrals, we observed net nutrient losses at
a landscape level. This was indicated by greater SOM and TN losses rel-
ative to inputs at different soil depth intervals. A trend to increasing
total nitrogen in deeper soils of livestock stations is likely due to more
mobile forms of nitrogen leaching (e.g. nitrates) from shallow soils.
Soil organic matter and nutrient losses are ecological indicators of
change in soil nutrient status that may increase soil erosion and degra-
dation processes (Carter, 2002; Lal, 1997).

Our results are consistent with the proposed hypothesis that pasto-
ralist settlements affect the spatial distribution of soil resources in the
central Monte desert. Vegetation removal in disturbed sites generated
different plant spatial organization, which favors increases in deep
water drainage and solute leaching through the soil layer, as described
in previous studies (Jobbágy et al., 2011; Meglioli et al., 2014). In addi-
tion, the location of corralswithin livestock stations leads to the creation
of centripetal gradients of soil nutrients towards the corrals (Fig. 1).
Compared to undisturbed woodlands, the spatial patterns of soil re-
sources were notorious in livestock stations, where the slopes of the re-
gression line along the transects were negative for soil water, chloride,
salinity, and nitrate at the shallow and intermediate intervals (Fig. 3;
Table 2). Such spatial distribution was controlled by the distance from
corrals where accumulation of dung and urine are considerably higher.
Other studies report nonlinear relationships in the spatial patterns, indi-
cating that reciprocal distance may better represent grazing intensity
along grazing gradients (Manthey and Peper, 2010). Therefore, our lin-
ear regressions, using the distance as explaining variable in livestock
stations, might underestimate strong changes in the vicinity of the graz-
ing hotspots.

Grazing animals redistribute most of consumed nutrients into the
soil through their defecation and urination, altering the proportion of
nutrients returned via excreta and leaf litter in the woodland. Deposi-
tion patterns by livestock could be randomly distributed within a land-
scape; however, domestic animals congregate around corrals during the
entire year, generating the difference in nutrient deposition seen in
these specific areas. Corrals of our studied area create hotspots of nutri-
ent enrichment within arid woodlands, as proposed by Augustine
(2003) for African rangelands. In other arid lands, several authors also
found changes in plant species composition and cover, and in the spatial
distribution of solutes, nutrients, and water in the soils along grazing
gradients from watering points (Brooks et al., 2006;
Fernandez-Gimenez and Allen-Diaz, 2001; Shahriary et al., 2012;
Todd, 2006; Tongway et al., 2003).

On the other hand, the distributions of soil resources were not relat-
ed to position along the transect in control woodlands (Table 2). The re-
sults for undisturbed woodlands are not surprising given that transects
within interdune valleys are representative of natural heterogeneity, in-
cluding canopy spaces and bare inter-canopy spaces (Bisigato et al.,
2009; Rossi and Villagra, 2003). Vegetation patch types determine the
amount and composition of leaf litter produced, which exerts an impor-
tant control on decomposition processes and nutrient availability in
soils (Abril et al., 2009; Carrera et al., 2009). However, contrary to our
expectation, some response variables, such as pH (at the shallow and in-
termediate intervals) and chloride (at the intermediate interval), had a
linear positive response along the transect laid out in controlwoodlands
(Fig. 4). This edaphic gradient for control sites might be caused by our
sampling design that included linear transects starting from the bottom
of the valley lowlands, with topographical slopes close to 3% (Vega
Riveros et al., unpublished data). Subtle vegetation changes are observed
in vegetation along interdune valleys, given by differential access to
groundwater and subsurface water, which in turn affect shading, evap-
oration, and organic matter contributions to the soil. Lower reliefs,
where transects started, generally have taller trees andmore dense veg-
etation, where shading may prevent surface soil evaporation and chlo-
ride accumulation, and dense root systems may lower soil pH through
organic matter decay and root respiration.

4.2. Influence of vegetation patches and litter on soil resources

Subsequent stepwise analyses in control woodlands suggested that
leaf litterwas a significant predictor of all soil chemical parameters, pro-
ducing an increase in nutrient content in shallow soils compared to
deeper soils (Table 3). Spatial distributions of soil nutrients in wood-
lands are influenced by the presence of leaf litter on above ground and
vegetation patches, suggesting processes such as water uptake, litter
fall, and litter decomposition,whichmaintain a heterogeneous environ-
ment (Abril et al., 2009; Alvarez et al., 2009; Rossi and Villagra, 2003),
which is probably useful for invertebrates and other animals. A recent
study in the same area indicates that vascular plants offer microsites
within the aeolian plain, favoring biological soil crust development
(Garcia et al., 2015), which may determine important nitrogen inputs
in arid lands (Belnap, 2002). Desert plants have different soil explora-
tion strategies through extensive superficial and depth root systems,
which modify soil nutrient availability (Villagra et al., 2011) and effi-
ciency of resource use (Aranibar et al., 2014). On the other hand, step-
wise analysis for soil chlorides demonstrates that concentrations were
also influenced by three plant functional compositions, which deter-
mined lower chloride accumulation in shallow zones than in deeper
layers. Because roots tend to exclude chloride during water uptake by
plants, high chloride concentrations in the soil profile might be related
to the activity of fine roots. The zone of maximum root distributions,
which occurs near the surface (Guevara et al., 2010; Villagra et al.,
2011), exerts a greater influence on water uptake, possibly increasing
chloride concentrations below the fine rooting zone (Moore et al.,
2010).

4.3. Variation in soil nutrients produced by livestock settlements

Soils under woodland vegetation represent the largest pools for or-
ganic matter and nutrients (Bonino, 2006; Jackson et al., 2000;
Jobbágy and Jackson, 2000); thus, our data indicates net losses of SOM
and TN by livestock settlements. Even though domestic animals con-
sume biomass inwoodlands and transport it to corrals, the nutrient bal-
ance was negative in livestock settlements at different soil depth
intervals, indicating depletion of soil nutrient stocks (Fig. 5). Based on
these results, we suggested that the processes that cause losses, such
as ammonium volatilization, denitrification, nitrate leaching, organic
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matter oxidation, meat and manure exports, and soil erosion, are rela-
tively higher than the extra inputs of dung andurine (Fig. 1). In addition,
local inputs by litter fall and root decay are reduced because of the
sparse vegetation of disturbed sites. The negative variation indexes of
SOM and TN in soils mostly devoid of vegetation for livestock settle-
ments highlights how maintaining heterogeneous vegetation mosaics
in undisturbed woodlands leads to soil nutrient retention, despite
their removal via plant uptake. Higher reference values of TN in control
woodlands might also reflect a greater biological activity and litter de-
composition under vegetated patches (Carrera et al., 2009).

Analyzing soil nitrates (Fig. 3), we found high accumulation of ni-
trates in intermediate and deep soils of livestock stations compared to
control woodlands. Such results may lead us to opposite conclusions
about the nutrient balance. However, soil nitrate enrichment in dis-
turbed sites demonstrates that not all nitrates in the soil profile are
taken up by the roots of remaining plants, determining a potential
source of nitrogen available for leaching losses from the vadose zone
to groundwater (Meglioli et al., 2014). Nitrates are highly mobile in
sandy soils (Brady and Weil, 1999). In other deserts a large reservoir
of soil nitrate is attributed to leaching into the deeper soil layer (Jin et
al., 2015), although low precipitation and high temperature of semi-
arid ecosystems tend to prevent nutrient leaching. Greater leaching of
solutes under livestock stations and dune crests were found in previous
studies by interpretation of soil water and chloride profiles (Jobbágy et
al., 2011; Meglioli et al., 2014). The lower chloride and higher moisture
content in soils from livestock stations (Fig. 3) reinforce the idea that in-
puts of chloride into the soil, by atmospheric deposition, may have
leached downward under livestock stations due to water not used by
plants and the low water holding capacity of sandy soils.

4.4. Relationships among soil chemical properties and land use

The characterization of degraded soils using chemical parameters is
useful for planning suitable soil management practices (Sena et al.,
2002; Wang et al., 2001). Thus, through the multivariate techniques
we revealed relationships among chemical properties, land use, and
soil depth (Fig. 6). The PCA axis 1 described a gradient of salinity from
soils with low electric conductivity and chloride concentrations
(group 1: samples collected in livestock stations) to soils with high
salt contents (samples extracted in corrals and undisturbed soils).
Therefore, axis 1 was useful to visually discriminate in the complete
dataset the disturbed condition (livestock station) from control wood-
land stands, separating samples that differ in soil salt pools. Soil nitrate
and pH were the most important parameters to characterize the PCA
axis 2. The soils of the intermediate and deep layers in control wood-
lands (group 2) were distinguished by their lower nitrate and higher
pH levels compared to other soil samples. The higher availability of nu-
trients in the shallow soils could be due to the increased microbial and
root activity, which have a strong influence on soil properties (Brady
and Weil, 1999). Curiously, there were no clear differences in some
soil chemical variables between corral soils and the shallow soils of con-
trol woodlands, which were included within group 3 (Fig. 6). High soil
salinity levels and nutrient status of corrals, similar to undisturbed
soils, may be a result of livestock depositions, slow decomposition of
SOM, and waterlogging in such sites. The integrated evaluation of
other chemical, physical and biological soil properties may be relevant
to discriminate sources of soil degradation (Sena et al., 2002).

5. Conclusions

This research highlights that livestock settlements redistribute
water, nutrients, and solutes in the soil across sandy landscapes in the
Monte desert. Spatial heterogeneity of soil resources, generally associat-
ed with ‘fertility islands’ under vegetation canopies in arid woodlands
(Bisigato et al., 2009; Rossi and Villagra, 2003), was disrupted in the
livestock stations by modifying the structure and spatial arrangement
of the vegetation pattern, and by the creation of a resource gradient to-
wards livestock corrals. Changes in the spatial distribution of resources
constitute an indicator of degradation of arid grazing lands, which also
occurs in Patagonian Monte shrublands (Bisigato et al., 2008).

We have shown that soils extracted from the corrals were local
hotspots of nutrient accumulation compared to their surroundings.
However, analyzing the effects of livestock settlement at a higher spatial
scale, we found net losses of SOM and TN. This suggests that nutrient
transfer towards corrals and manure depositions by domestic animals
(nitrogen inputs) were not enough to compensate nitrogen losses
over time since the settlements establishment. Therefore, soil organic
matter andnitrogen inputs and outputswere not balanced, and nutrient
losses increased in livestock stations. Nitrate leaching, ammonium vola-
tilization, organic matter oxidation, meat and manure exports, and soil
erosion are probably major causes of the decline in soil nutrients in dis-
turbed interdune valleys. However, there are few studies about the ef-
fect of pastoralist settlements on nutrient balance in the Monte desert
in Argentina. Future research must focus on the relative importance of
various nutrient depleting processes to achieve a nutrient balance in
this arid ecosystem.
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