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Abstract The role of wind in changing the spatial
heterogeneity of soil resources in erosion-dominated
semiarid ecosystems is well known. Yet the effect of
windblown sediment deposition on soil nutrient
distribution and ecosystem dynamics at local and
landscape scales has received little attention. We
examined the effects of enhanced sediment deposition on the spatial distribution of soil nutrients at the
Jornada Experimental Range, southern New Mexico.
Enhanced sediment deposition was obtained as a
result of grass cover reduction in the upwind portion
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of the experiment in two sites co-dominated by
mesquite and one of two grass species with different
morphologies. The spatial characteristics of soil
available nitrogen (including ammonium, nitrite,
and nitrate), phosphate, potassium, and calcium were
quantified using a variety of traditional and geostatistical analyses. Our results showed that enhanced deposition led to considerable reduction in
both mean soil nutrient concentrations and coefficients of variation over a two-year period (2004–
2006). Given the observed increase in the scale of
spatial dependence for available nitrogen, but not for
potassium, phosphate, and calcium following enhanced sediment deposition, we suggest that soil
available nitrogen may be particularly responsive to
increased aeolian activities due to livestock grazing
and other anthropogenic activities that remove
vegetation. Our study further suggests that soil
particles deposited in the downwind area may be
“nutrient-imbalanced.” Specifically, the lower-thannormal available nitrogen concentrations in the
wind-deposited soils may inhibit the growth of
grasses and the germination of seeds. For winderodible ecosystems found in southern New Mexico,
structures of Bouteloua-dominated communities may
be particularly susceptible to change under enhanced
soil erosion conditions.
Keywords Aeolian processes . Available nitrogen .
Sediment deposition . Spatial heterogeneity .
Geostatistics . Ecosystem dynamics
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Introduction
In many arid and semiarid ecosystems, aeolian
processes are principal agents of topographic change,
land degradation and ecosystem dynamics (Leys and
McTainsh 1996; Ayoub 1998; Barth 1999; Okin and
Gillette 2001; Li et al. 2007). Aeolian processes
consist of three components: erosion, transport, and
the subsequent deposition of particles. Erosional loss
of soil from land surfaces can dramatically change
topography, soil properties, and plant productivity
(Larney et al. 1998; Gillette and Monger 2006; Li et
al. 2008). The long-distance transport of dust particles
affects public health due to soil-borne contaminants
and degraded air quality (Griffin et al. 2001; Reheis
2006), and the deposition of dust is thought to play a
major role in ocean fertilization, CO2 uptake, terrestrial soil formation, and nutrient cycling (Chadwick et
al. 1999; Piketh et al. 2000; Reynolds et al. 2001). At
local and landscape scales (10 s of m–10 s of km),
dust emitted from one area may have significant
impacts on the nutrient status of downwind soils,
since soil organic matter and nutrients such as N and
P tend to be concentrated on dust particles (Leys and
McTainsh 1994; Okin et al. 2004; Li et al. 2007).
However, most of the research on the effects of dust
deposition has focused on global scales using mathematical modeling, remote sensing, or records of
long-term deposition in soils (e.g., Chadwick et al.
1999; Reynolds et al. 2001; Reheis 2006; Neff et al.
2008). To our knowledge, no study to date has
experimentally studied the effects of enhanced aeolian
deposition on soil nutrient distribution at local and
landscape scales.
Our recent research at the Jornada Experimental
Range in southern New Mexico indicates that aeolian
processes are tightly linked to the spatial distribution
of soil resources at both plant-interspace (0.1–10 m)
and patch scales (10–100 m) (Peters et al. 2006). For
instance, in erosion-dominated plots, wind has been
shown to deplete 25% of soil organic carbon (SOC)
and soil total nitrogen (TN) in three windy seasons
(Li et al. 2007). In a plot area of 5 m×10 m,
geostatistical analyses have revealed that soil resource
heterogeneity, especially for SOC and TN, increases
significantly as a result of enhanced wind erosion (Li
et al. 2008). Studies have also identified the deposition of fine-grained windblown materials under
shrubs as one of the factors responsible for the

Plant Soil (2009) 319:67–84

conversion of grasslands to desert shrublands occurring in southern New Mexico over the past 150 years
(Coppinger et al. 1991; Schlesinger et al. 1996).
The results of enhanced aeolian processes on
ecosystem dynamics have been demonstrated by an
all-plant-removal “scraped site” implemented in 1991
for an experiment aimed at measuring dust flux from
loamy sand soils at the Jornada Experimental Range
(Okin et al. 2006). After more than a decade, the site
itself and the area directly downwind have undergone
major changes in soil nutrient status and plant
community composition. Up to 82% of N and 62%
of plant available P in the surface soil of the scraped
site have been depleted, and the deposition initiated
conversion of the downwind grassland to a shrubland
(Okin et al. 2001). However, the scraped site was not a
well-monitored, replicated experiment. New experiments are required to provide quantitative details on
the impact of aeolian processes on ecosystem dynamics, such as sediment flux and changes of soil nutrient
variation in both wind-eroded and downwind deposition areas. In previous studies, a unique field-based,
erosion-enhancement experiment was used to investigate soil nutrient depletion and spatial variation in
upwind erosion-dominated treatment plots (Li et al.
2007, 2008). In this study, we report results on
sediment deposition and changes to the spatial distribution of soil nutrients in the deposition-dominated
downwind of the treatment plots. Li et al. (2007)
further suggest that plots with low vegetation cover
displayed enhanced soil mass and nutrient flux. This
material, when transported downwind will tend to
collect beneath plant canopies rather than in bare
interspaces, thus, changing the spatial heterogeneity of
soil resources. This hypothesis was evaluated using
conventional and geostatistical analysis of soil nutrient
concentrations of soil samples through depositionenhanced and control plots.

Methods
Site description
We conducted the study at the USDA-ARS Jornada
Experimental Range (JER), located in the northern
Chihuahuan Desert (Fig. 1). The JER was established
in 1912 and now is part of the National Science
Foundation’s Long Term Ecological Research (LTER)
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Fig. 1 Location of the study sites (Jornada LTER, lower-right
corner) and the experimental layout in the field. Dashed squares
represent upwind erodible vegetation cover reduction plots.
Solid squares represent downwind depositional plots where no
vegetation cover was reduced. “^” represents BSNE sediment
samplers. The right-most figure shows more detailed layout of
sampling locations and plant investigation transects in down-

wind plots. Soil sampling was conducted in the D1 subplots,
BSNEs were installed in both D1 and D2 subplots, and erosion
bridges (represented by “-”) were installed in all D1, D2 and D3
subplots. Three 50-m line-intercept transects were set up for
plant community monitoring (denoted by dashed line). The
field site was fence-protected

network. Long-term mean annual temperature is
15.6°C, and mean maximum temperatures are 36°C
and 13°C in June (warmest month) and January
(coldest month), respectively. Mean annual precipitation (P) (1915–2002) and potential evapotranspiration
(PET) recorded at the JER headquarters (32 37′ N, 106
44′ W) are 24.7 cm and 230 cm yr−1, respectively,
yielding a P/PET value of just greater than 0.1. Soils at
the JER are quite complex, but sands and sandy loams
are generally widespread (Bulloch and Neher 1977).
Two field sites were set up in Pasture 11 of the JER
(Table 1). Site 1 and site 2 were set up in March and
July 2004, respectively. These sites have sparse
vegetation cover and are typical grass/shrub mixed
communities at the JER. Although both sites have
similar topography and soils, different plant species
dominate each. Site 1 is dominated by Sporobolus
spp. grasses (primarily S. flexuosus and S. contractus)
and mesquites, and is hereafter referred to as the
Sporobolus-mesquite (SM) site. Site 2 is dominated
by Bouteloua eriopoda and mesquites, and is hereaf-

ter referred to as the Bouteloua-mesquite (BM) site.
Our research sites are susceptible to erosive winds in
the spring time, which frequently exceed 25 m s−1
(Helm and Breed 1999). Soil A-horizon depth at both
study sites was >10 cm to avoid complete excavation
by deflation during the experiment. In addition, both
sites are underlain by a petrocalcic horizon >1 m
depth, with parent material of wind-reworked fluvial
sands up to 100 m in depth (Okin and Gillette 2001).
Experimental design and sampling method
At each site, two 25 m×50 m rectangle plots, including
one wind-erosion enhanced plot and one control plot,
are aligned with the 50 m sides parallel to prevailing
winds (upwind plots); and two 25 m×50 m plots are
located immediately downwind of the upwind plots
(Fig. 1). Observations at the JER scraped site suggest
that 50 m fetch was adequate to allow significant
aeolian transport (Gillette and Chen 2001). Enhanced
dust and sand deposition in the downwind plots was
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Table 1 Environmental characteristics of the study sites before the initiation of enhanced sediment deposition
Characteristics

Plant cover (%)
Total cover
Grass
Prosopis
Gutierrezia
Forb
Dominant species
Shrub diameter (m, means ±1SD)
Surface Soil
Sand (%)
Silt and clay (%)
texture
Caliche exposure
Biological crust
Geomorphology
Slope (%)
Parent material
Mesquite dunes

Sporobolus-mesquite site (SM site)

Bouteloua-mesquite site (BM site)

TD100

TD100

Control

Control

23
25
4
9
6
5
1
<1
12
10
Sporobolus spp., Prosopis glandulosa
1.62±0.28
1.89±1.00

22
27
12
9
6
10
1
2
3
6
Bouteloua eriopoda, Prosopis glandulosa
1.26±0.86
1.07±0.72

98
2
Sand
No
Occasional

95
5
Sand
No
Frequently seen

<1
Wind-reworked
fluvial sands
Small-no

achieved by grass cover reduction in the upwind area.
Detailed set up and grass cover reduction procedures in
the upwind plots were described by Li et al. (2007). In
short, in the 100% grass cover reduction plot (simplified as TU100), all grasses, perennial semi-shrubs such
as Gutierrezia sarothrae, and perennial forbs were
removed (hereafter referred to as “grass cover reduction” only). Shrub cover was low in both sites at the
beginning of the experiment, and shrubs were not
removed in the upwind area. No vegetation cover was
reduced in the control plots nor in the downwind areas.
Enhanced sediment deposition in the downwind plots
was maintained by keeping the appropriate reduced
cover on the upwind plots during the entire experimental period.
In the downwind plots, sediment flux was monitored using Big Spring Number Eight (BSNE, Custom
Products, Big Springs, Texas) sediment samplers
installed at two distances from the upwind-downwind
boundary (D1 and D2 subplots, Fig. 1). These
sediment samplers and their calibration were described
by Fryrear (1986). The BSNE trap is a sheet metal slottype collector consisting of a rectangular inlet area of
about 20 mm×50 mm. The BSNE samplers maintain
90% efficiency (ratio of collector flux to actual flux)
for sand particles (50 µm to 2 mm diameter) at various

98
2

94
6

<1
Wind-reworked
fluvial sands
No

wind speed (Shao et al. 1993). Three stems, each with
four BSNE traps and wind vanes (so the traps orient
into the wind), were placed approximately 3-4 m apart
along the center of each 5 m×10 m subplot (D1 and
D2). The traps on each stem were situated at 0.1, 0.3,
0.6 and 1.2 m above the ground. Placement of BSNE
stems directly downwind of shrubs was avoided.
Windblown sediment samples were collected twice
per year in early March (non-windy season, sampling
period from previous July to March) and middle July
(windy-season, sampling period from March-July)
from 2004 to 2006. A total of 480 and 384 sediment
samples were obtained in the SM site and BM site,
respectively.
In addition, soil deflation/aggradation in the downwind area was monitored by “erosion bridges,” a
method used by Gillette and Chen (2001) to measure
differential soil surface height. The erosion bridges
were constructed from rebar and bent to the shape of a
soccer goal post, and they were pounded into the soil
20–30 cm in depth. In each downwind plot, five
erosion bridges were installed about 1-2 m apart along
the center of each 5 m×10 m subplots (D1, D2, and
D3, Fig. 1). Similar to the BSNEs, placement of
erosion bridges within or directly downwind of shrubs
was avoided. Heights of the erosion bridges (distance

Plant Soil (2009) 319:67–84

from the soil surface to the top of the erosion bridge)
were carefully recorded once per year in July from
2004 to 2006, except for the BM site, where erosion
bridges were first monitored in March 2004. A total
of 60 erosion bridges were installed and 210 measurements were obtained.
To study sediment deposition and soil nutrient
heterogeneity, fifty soil samples of 2.5 cm diameter
from the top 5 cm of soil were taken in the D1
subplots of TD100 (downwind of TU100) and the
downwind control plot in July 2004, and again after
two windy seasons in July 2006 (Fig. 1). A total of
400 soil samples were collected and analyzed. Large
debris was removed from the soil surface to facilitate
sampling, but no effort was made to clear the top of
the mineral soil prior to sampling. Soil samples were
randomly distributed without regard to plant locations
and a different set of sampling coordinates were
adopted each year. The relative locations of each soil
sample within the 5 m×10 m subplots were precisely
identified for geostatistical analysis.
In both study sites, a 10 m meteorological tower
was installed 60 m upwind of the treatment area with
five anemometers arranged at heights of 0.3, 0.7, 1.7,
4.5, and 10.0 m (Fig. 1). Wind speed and directions
were recorded every 5 min. Precipitation during the
whole experimental period was recorded using a
tipping bucket rain gage installed approximately
100 m upwind of the treatment area. Plant cover and
community composition on each plot were monitored
by three 50 m line-intercept transects in spring
(March) and summer (July) each year during the
experimental period. Plant cover was calculated by
adding the lengths of each plant species along the
transect and dividing by the total length of the
transect. In addition, for each plant in the soil
sampling subplots (D1, Fig. 1), its location, height,
and basal area were recorded in July 2004 and July
2007 using a Trimble 3600 Total Station System to
examine effects of enhanced deposition on plant
presence and community composition.
Laboratory analysis
In the laboratory, each BSNE sediment sample was
weighed to 0.001 g to yield sediment flux. Each soil
sample was air-dried and sieved through a 2 mm
screen to remove gravels, roots, and debris. Waterextractable anions of soil samples such as Cl−, NO2−,
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NO3−, SO42−, and PO43− were analyzed on a Dionex
ICS-2000 ion chromatograph (IC) following the
method of Schlesinger et al. (1996). Exchangeable
cations, such as Na+, K+, Mg2+, and Ca2+ were
analyzed by the BaCl2 extraction method according to
Hendershot and Duquette (1986). Extracts were
analyzed on a Dionex ICS-2000 IC with an Ion Pac
CS 12A cation exchange column. The studies by
Horn et al. (1982) and Gillman et al. (1983) indicate
that the BaCl2 extraction method gives comparable
results to procedures using NH4C2H3O2 and KCl
extractions for K+ and non-K+ cations, respectively.
For this study, NH4+ was also extracted with the
0.1 mol L−1 BaCl2 solution. Li et al. (2008) showed
that NH4+ measured from a 2 mol L−1 KCl extract
was highly correlated (r=0.96) to NH4+ in the 0.1 mol
L−1 BaCl2 extract. This strong correlation suggests
that the BaCl2 extraction should be a dependable
index of NH4+ availability. Additionally, the BaCl2
extraction method allowed us to analyze all cations
simultaneously on the IC since the chromatogram
peak of Ba2+ appears well behind the cations of
interest. All soil data are reported as milligrams per
kilogram of soil. We report the sum of NO2−, NO3−
and NH4+ as the index of total available N (Navail).
Calculations and statistical analyses
Wind erosion rates, represented by horizontal sediment flux, were calculated according to Gillette and
Pitchford (2004) and presented formally in Li et al.
(2007). Briefly, the mass of airborne particles collected by a BSNE trap was divided by the inlet area and
the time of the collection to yield time-averaged
horizontal flux Q(z) (units of g m−2 day−1), where z is
the height of BSNE traps above ground. Values of Q
(z) were then fit to an exponential function, and
integrating this function obtains total horizontal
sediment flux q (units of g m−1 day−1). An analysis
of variance (ANOVA) was conducted to deduce
significant differences of sediment flux and erosion
bridge heights among the downwind plots in different
sampling periods. A post hoc comparison of means
following a significant ANOVA was done with a
Tukey’s studentized range test. To describe the
general distribution of nutrients in soil samples, the
mean, standard deviation, and coefficient of variation
(CV) were also computed on both the depositionenhanced plots (TD100) and control plots for both
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sites over the experimental period. For each soil
constituent, modified paired t-tests using PASSAGE
software (http://www.passagesoftware.net/) were conducted to compare the mean values for the treatment
plots (TD100) and control plots in both study sites.
This modified t-test corrects the degrees of freedom
considering the amount of autocorrelation in the data
(Wang et al. 2007). All of these analyses were carried
out using the program SAS 9.1 for Windows with p<
0.05 for significance.
Geostatistical analysis was used to evaluate the
spatial variation of Navail, PO43−, K+, and Ca2+ in the
TD100 and the control plots. Available N, PO43−, and
K+ were selected because they are the limiting
biological nutrients in desert ecosystems, especially
Navail and PO43− (Crawford and Gosz 1982). Although Ca2+ content is high enough to not limit plant
productivity in desert grasslands, chemicals related to
Ca2+, such as calcium carbonate, have a profound
influence on the availability of other nutrients through
a variety of biogeochemical processes (e.g., ammonia
volatilization and neutralization of aid components)
(Schlesinger et al. 1990).
The semivariogram is central to many geostatistical
techniques; it shows the average variance found in
analyses of samples taken at increasing distances from
one another. Experimental semivariograms were fit
using the jackknife method presented by Shafer and
Varljen (1990) and discussed by Huisman et al.
(2003) in a code written in the Interactive Data
Language (IDL). Soil data sets were adjusted to
approximate a normal distribution using a natural
logarithmic transformation prior to analysis (Webster
and Oliver 2000). Isotropic and corresponding anisotropic semivariograms at 0°, 45°, 90°, and 135° were
compared, and no significant directional patterns were
found. Therefore, isotropic semivariograms were
used. We used the lag interval (distance increment)
of 0.25 m and lag distance (maximum interval) of
4.0 m to calculate the experimental semivariograms
for soil nutrients measured in July 2004, and a
slightly larger lag interval (up to 0.35 m) and lag
distance (up to 5.0 m) were used to better describe the
potential change of soil spatial distributions in July
2006. All semivariograms were fit to a spherical
model using a non-linear least squares approach
employing the Levenberg-Marquardt algorithm,
which combines the steepest descent and inverseHessian function fitting methods (Press et al. 1992).
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In the spherical model, if h ≤ A 0, then g ðhÞ ¼
3h
h3
C0 þ Cð2A
 2A
3 Þ, where h is the lag interval, γ(h) is
0
0
the semivariance at lag interval h, A0 is the range, C0
is the nugget variance, and C is the structural
variance. If h>A0, then g ðhÞ ¼ C0 þ C: The nugget
(C0) denotes the y-intercept of the semivariogram and
incorporates random or non-spatial errors, as well as
errors associated with spatial variability at scales finer
than those measured (Zhou et al. 2008). A high nugget
variance indicates that most variance occurs over short
distances or is due to measurement/locational error
(Schlesinger et al. 1996). The magnitude of spatial
dependence was calculated using the index of C/(C0 +
C). As this index approaches 1.0, a greater proportion
of the total sample variance is spatially structured
(Jackson and Caldwell 1993). The distance of the
spatial dependence is indicated by the model range, A0.
Samples separated by distances smaller than the range
are correlated as a result of their proximity to one
another, whereas samples separated by greater distances
are effectively independent. The uncertainties (95%
confidence limits) of variogram parameters were
determined using the variance-covariance method of
Pardo-Iguzquiza and Dowd (2001). In this research,
variogram parameters are considered significantly
different if they do not have overlapping 95%
confidence intervals. After semivariance analysis, we
produced kriged maps of Navail using calculated semivariograms (GS+ version 7.0, Gamma Design Software,
Plainwell, Michigan) to examine how the predicted
distribution of Navail related to the distribution of fertile
islands and plants in deposition-enhanced vs. control
plots. Maps were produced using ordinary block
kriging with a block size of 2 m×2 m. The data that
were log-normally transformed were converted back to
original units prior to kriging (Wang et al. 2007).

Results
Environmental conditions, sediment flux, and soil
deposition
In comparison with the long-term (1915–2002)
average of mean annual precipitation (247 mm), both
year 2004 and 2006 were significantly wetter
(389 mm and 416 mm, respectively), while year
2005 had a total rainfall (246 mm) nearly identical to
the long-term average (Fig. 2a). However, during the
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windy seasons (March-May), year 2006 was particularly dry with a total rainfall of less than 20 mm. The
averaged 5 min maximum wind speed frequently
exceeded 16 m s−1 during the windy season of 2006,
with a peak speed of 21 m s−1 occurring on April
15th. These numbers are substantially higher than
those of year 2004 and 2005 (Fig. 2b). Sediment flux
monitoring suggested that dominant wind erosion
occurred during the period of March to July in the
experimental years (Fig. 2c). With the reduction of
grass cover in the upwind area and resultant sediment

flux of nearly 500 g m−1 day−1, aeolian flux in the
plots downwind of the vegetation-removal treatment
(TD100) was substantially enhanced compared to that
of the control plots. In particular, sediment flux
monitored from March to July (collected in July) was
significantly greater (p<0.05) in the TD100 plots than
that of the control plots in both study sites. However,
no significant differences were found for the sediment
flux between the TD100 and control plots in March
when there was little wind erosion at the JER. In
addition, there were no significant sediment flux

Fig. 2 Monthly precipitation (a), 5-min maximum
wind speed (March 1-May
30, 10 m) (b), and mean
daily horizontal sediment
flux at the deposition enhanced plots (TD100) and
control plots in both the
Sporobolus-mesquite site
(SM) and Boutelouamesquite site (BM) (c) during the experimental period
(2004–2006). Sediment flux
in the upwind grass cover
reduction area was also included (SM upwind) as a
comparison, data were
adopted from Li et al.
(2007). Error bars are one
standard error. Note the
legend for figure (c) was
listed in figure (a) to facilitate figure arrangement
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differences between the SM site and the BM site,
except for July 2006 when mean sediment flux in the
BM site (63 g m−1 day−1) nearly doubled the
magnitude of the SM site (34 g m−1 day−1).
Erosion bridge results show that enhanced aeolian
flux caused sediment deposition in the downwind
treatment plots (Fig. 3). The average deposition rate,
however, decreased rapidly as distance from the
upwind/downwind boundary increased, corresponding
with the significant decline of sediment flux from
subplots D1 to D2. Significant deposition in the
treatments (TD100) relative to the control plots
occurred only in the D1 subplots of the SM site
(paired t-test, t=−1.95, df=14, p=0.03), which is about
5 m from the upwind/downwind boundary. Average
deposition measured in the D1 subplots was 0.61 cm
D1 (5 m)

D2 (20 m) D3 (35 m)

120
100

-0.4
80
-0.8

TD100
Control
Sediment flux

*

60
40

-1.2

a

20

b

Mean daily sediment flux
(g m-1 day-1)

Deflation/deposition (cm)

0.0

0

-1.6
D1 (5 m)

D2 (20 m)

(a) Sporobolus-mesquite site
TD100
Control
Sediment flux

0.2
0.0

D1 (5 m)

D2 (20 m)

120
100
D3 (35 m)
80

-0.2

60

-0.4
-0.6

40

a
b

-0.8

D1 (5 m)

D2 (20 m)

20

Mean daily sediment flux
(g m-1 day-1)

Deflation/deposition (cm)

0.4

year−1 in the SM site, and substantially lower (0.21 cm
year−1) in the BM site.
Plot-scale heterogeneity of soil nutrients
At the beginning of the experiment, the mean values
of Navail, PO43−, K+, Mg2+, Ca2+, and Na+ were
significantly higher in the TD100 than in the control
plot at the SM site; but only Navail was more
concentrated in the TD100 relative to the control plot
at the BM site (Table 2, paired t-test, p<0.05). In the
SM site after two windy seasons, the mean values for
a large number of soil nutrients declined in the
treatment plot (TD100) while they increased slightly
in the control plots, causing the disappearance of
significant difference in Navail, Mg2+, Ca2+, and Na+
between the TD100 and the control plots. In the BM
site, the significantly higher concentration of Navail in
the TD100 compared to that of the control plot
sustained after two windy seasons, while no other
significant changes were observed.
Before the initiation of enhanced deposition, the
overall variation of soil nutrients in the SM site was
generally greater than that of the BM site (Table 3). In
both study sites, CVs were always highest for soluble
ions such as SO42− and Cl−, and lowest CVs were
mostly found for ions such as PO43−, Mg2+, and
Ca2+. After 2 years of enhanced deposition, the ratios
of CV between the TD100 and control plots for
Navail, PO43−, Cl−, and Na+ decreased markedly in the
SM site, largely due to the decline of overall variability
in the treatment plot (TD100) and a slight increase in
the CVs in the control plot. A similar change occurred
in the BM site during this period, except that a larger
CV was found for Na+. Overall in TD100, CVs for
cations were relatively low and changed slightly; CVs
for Navail, SO42−, and Cl− were high and decreased
substantially with the continuation of deposition.

0

(b) Bouteloua-mesquite site
Fig. 3 Yearly mean deflation (cm yr−1, negative) and deposition (positive) monitored by the erosion bridges in both study
sites. Sediment flux in the D1 and D2 subplots are also shown
(lower horizontal and right vertical axles). Numbers in the
parentheses are distance from the subplot to the dividing line of
the upwind-downwind. Error bars are one standard error.
Significant difference in the sediment flux was indicated by
different letters; significant difference in the hight of deposition/deflation between the TD100 and control plots was shown
as “*” (paired t-test, p<0.05)

Spatial heterogeneity of soil nutrients
The Sporobolus-mesquite site (SM)
At the beginning of the experiment (July 2004), most
of the soil nutrients studied were highly to moderately
spatially dependent with C/(C0 +C) >50%, except for
Ca2+ in the control plot (C/(C0 +C)=39%). In the
TD100 plot, all the soil nutrients examined were
autocorrelated over mean distances (A0) of 1.27–
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Table 2 The mean concentration of soil nutrients measured in the deposition enhanced plots (TD100) and control plots (C) during the
experimental period
Nutrients (mg kg−1)

Sporobolus-mesquite site
July 2004

Navail
PO43−
K+
Mg2+
Ca2+
SO42−
Cl−
Na+

Bouteloua-mesquite site
July 2006

July 2004

July 2006

TD100

C

TD100

C

TD100

C

TD100

C

24.26
6.01
155.70
98.38
545.92
3.29
1.15
6.54

17.18
7.18*
96.53*
52.32*
431.10*
3.75
0.84
3.11*

17.24
5.66
155.73
90.68
504.90
1.74
0.46
3.40

19.88
7.20*
107.59*
54.21
482.25
3.57
1.19
4.20

39.36
3.95
136.95
61.45
998.57
3.30
1.02
5.50

11.63*
4.59
146.84
65.26
973.23
4.06
1.40
3.18

29.85
4.35
143.37
56.75
1006.48
2.22
0.44
2.98

17.61*
4.30
137.66
66.91
1034.48
2.32
0.77
2.82

*Indicates a significant difference in the mean concentrations between deposition enhanced plots (TD100) and the control plots in
different sampling years (paired t-test, p < 0.05)

distances <0.3 m. For soil nutrients with patterned
distribution, the mean scale of autocorrelation (A0) for
soil Navail increased significantly from 1.50 m (July
2004) to 1.81 m (July 2006) in the treatment plot
(TD100) comparing with A0 in the control plot during
the same period. In the meantime, the magnitude of
spatial dependence (C/(C0 +C) ) in the TD100 plot did
not show significant changes relative to that of the
control plot during the experimental period.
The kriging maps show that soil Navail exhibited
strong fertile islands in both the TD100 and control
plots at the beginning of the experiment (Fig. 4a). In
addition, Navail islands in the TD100 plot are largely
located in the left half of the subplot, which is
comparable to the distribution of mesquites (Fig. 8a).
After 2 years of enhanced deposition, the size of Navail

1.50 m. In contrast, soil nutrients in the control plot
were autocorrelated over slightly smaller distances of
0.89–1.36 m, but they were not significantly different
from those of the TD100 plot. The autocorrelation
distances of soil nutrients in both plots fell within the
range of the average size of shrub canopies in the
study sites, which are 1.62±0.28 m and 1.89±1.00 m
in the T100 and control plots, respectively (Table 1).
Overall, both A0 and C/(C0 +C) were not significantly
different between the TD100 and the control plots
before the initiation of enhanced sediment deposition
(Table 4a).
After 2 years of enhanced sediment deposition (July
2006), soil PO43− in the TD100 plot and Ca2+ in the
control plot changed from patterned to random
distribution with most of the variance occurring over

Table 3 Changes of coefficient of variation (100% (SD/Mean)) for the overall concentration of soil nutrients at both sites during the
experimental period (n=50)
Nutrients (mg kg−1)

Navail
PO43−
K+
Mg2+
Ca2+
SO42−
Cl−
Na+

Sporobolus-mesquite site (SM)

Bouteloua-mesquite site (BM)

July 2004

July 2004

July 2006

July 2006

TD100

C

Ratio

TD100

C

Ratio

TD100

C

Ratio

TD100

C

Ratio

107
37
39
22
16
136
158
156

108
44
33
26
15
158
105
24

0.99
0.84
1.18
0.85
1.07
0.86
1.50
6.50

78
27
39
24
17
163
206
22

99
45
51
21
24
211
324
94

0.79
0.60
0.76
1.14
0.71
0.77
0.64
0.23

71
27
28
22
12
66
88
11

77
27
32
28
20
186
293
14

0.92
1.00
0.88
0.79
0.60
0.35
0.30
0.79

47
16
23
23
11
50
72
24

123
33
33
19
24
186
339
16

0.38
0.48
0.70
1.21
0.46
0.27
0.21
1.50
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Table 4 Summary of the semivariogram model parameters in both study sites before (July 2004) and after enhanced deposition (July
2006)
Nutrients

(a) Sporobolus-mesquite site (SM)
July 2004
Navail
PO43−
K+
Ca2+
July 2006
Navail
PO43−
K+
Ca2+
(b) Bouteloua-mesquite site (BM)
July 2004
Navail
PO43−
K+
Ca2+
July 2006
Navail
PO43−
K+
Ca2+

A0 (m)

C/(C0 +C)

TD100

Control

TD100

Control

1.50
1.40
1.48
1.27

1.36
1.00
0.89
0.99

1.00
0.73
0.52
0.58

1.00
0.58
1.00
0.39

(0.32)
(0.34)
(1.09)
(0.53)

1.81 (0.40)*
<0.3
1.25 (0.37)
1.10 (0.42)

3.01
2.51
1.63
4.51

(0.93)*
(0.86)
(0.25)
(2.83)*

3.81 (1.63)*
1.78 (0.53)
<0.3
1.25 (0.74)*

(0.48)
(0.48)
(0.54)
(0.53)

(0.10)
(0.10)
(0.26)
(0.11)

(0.34)
(0.25)
(0.25)
(0.61)

0.89 (0.27)
1.43 (0.34)
1.74 (0.53)
<0.3

0.88 (0.13)
1.00 (0.28)
1.00 (0.75)

1.00 (0.47)
1.00 (0.24)
0.78 (0.21)
-

0.62
3.82
1.84
1.16

0.48
0.51
0.79
0.33

1.00
0.52
0.59
0.95

(0.52)
(2.16)
(0.72)
(0.28)

1.08 (0.51)
2.12 (1.82)
1.25 (0.30)
>5.00

(0.14)
(0.20)
(0.14)
(0.22)

0.55 (0.20)
0.65 (0.18)
0.49 (0.28)

(0.61)
(0.21)
(0.27)
(0.12)

1.00 (0.67)
0.35 (0.19)
1.00 (0.19)
0.18(0.14)

Results for C/(C0 +C) and A0 are means and 1 standard deviation (in the parentheses). “-”indicates random distribution and no data
available. Asterisks indicate significant differences between deposition enhanced vs. control plots at a 95% confidence level

fertile islands in the TD100 plot increased slightly,
whereas peak values of the islands decreased substantially from 127 mg kg−1 to 67 mg kg−1. In the
control plot, both the scale and the peak values of
Navail islands changed to a small degree except for
their locations. Change maps of Navail further illustrate that Navail declined in the dominant portion of
the deposition enhanced plot, while Navail increased
noticeably in most part of the control plot (Fig. 5a).
The Bouteloua-mesquite site (BM)
Similar to the SM site, soil nutrients showed moderate
spatial dependency in July 2004. The scale of
autocorrelation ranged over mean distances of
0.62 m (Navail, control plot) to >5 m (Ca2+, TD100
plot). Overall, soil nutrients in the BM site frequently
showed greater autocorrelation distances than those in
the SM site, which is probably not related to the
spatial distribution of shrubs, but rather to the larger

basal area of Bouteloua individuals compared to
Sporobolus individuals in the plots (Table 4b).
By July 2006, the scale of the autocorrelation (A0)
of Navail in both the TD100 and the control plots
increased by a small degree; however, significant
difference in A0 between these two plots was
maintained. The magnitude of spatial dependence
changed little except for Ca2+ in the TD100, which
changed from a moderate spatial dependency of 33%
in July 2004 to a non-patterned distribution at the
scale investigated after two windy seasons.
Kriged maps illustrated that Navail formed weak
islands in both the TD100 and the control plots in
July 2004 (Fig. 4b), corresponding to the infrequent
distribution of shrubs in the study site (Fig. 8b). Navail
spatial patterns were fairly stable after two windy
seasons in the TD100 plot. In the control plot, the
appearance of a Navail island in the middle part of the
kriged map in July 2006 may be corresponding with
the presence of a mesquite (Fig. 8b). The magnitude
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Fig. 4 Distribution of Navail (mg kg−1) predicated by kriging interpolation in the deposition enhanced (TD100) and the control plots
(5 m×10 m) at both sites during the experimental period. Note the change of the scales in the treatment plots
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Fig. 5 Change of Navail (mg kg−1) in the treatment (TD100)
and control plots (5 m×10 m) during the experimental period.
Maps were obtained by subtracting values in 2004 from 2006

(Fig. 4), and negative values indicating depletion. Same scales
were used for the treatment and control plots in each site to
facilitate comparison

of Navail concentration change in the BM site was
-36.2 to 45.6 mg kg−1, which is substantially smaller
than that of the SM site (−115−70 mg kg−1) (Fig. 5b).
Similar to the SM site, Navail in the BM site decline in
most of the TD100 plot but increased slightly in the
majority of the control plot.

sampling. Li et al. (2007) calculated sand drift
potential in the upwind plots and found that sand
particles, which compose the greatest portion of the
mass flux, indeed moved along the long axis of the
vegetation removal treatments. Results from this
study further suggest that net sediment deposition
was pronounced in the two-year experimental period,
and the deposition rate may be related to the local
plant community composition. In particular, despite
similar horizontal sediment flux (500 g m−1 day−1) in
both upwind erodible plots (Li et al. 2007, 2008),
average net depositions of 0.61 and 0.21 cm year−1
were observed in the plots with dominant grasses of
Sporobolus spp. (SM site) and Bouteloua eriopoda
(BM site), respectively.
Using the method of McGlynn and Okin (2006)
and Total Station data to calculate the average size of
bare patches in plots, the average gap size in the SM
site is ~123 cm, and the average gap size in the BM
site is ~ 88 cm. In a new model of wind erosion, Okin
(2008) hypothesized that the amount of horizontal
flux that could be sustained on a vegetated surface

Discussion
Most previous plot-scale research on aeolian processes and their interactions with soil and vegetation
processes have focused on erosion and soil nutrient
loss in arid and semiarid regions (e.g., Leys and
McTainsh 1994; Larney et al. 1998; Li et al. 2007,
2008; Gillette and Pitchford 2004). Studies that have
quantitatively investigated sand and dust deposition
and their biogeochemical consequences in ecosystems
on a plot-scale are rare. In the two desert grassland
ecosystems downwind of erosion-enhanced plots, we
monitored sediment flux and deposition with multiple
BSNEs, erosion bridges, and intensive surface soil
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was related to the size of unvegetated gaps between
plants. All other things being equal, according to this
model, the SM site with its larger gaps between plants
could sustain higher rates of horizontal flux than the
BM site. Of course, the horizontal flux of sand
entering the upwind edge of both sites, having been
generated on a bare surface with very large intercanopy gaps, is higher than can be sustained on the
vegetated portions of either site. Within the vegetated
plots, the high flux entering the plot must reequilibrate with the vegetated surface that can only
support lower flux. This results in the deposition of
windblown material at the upwind edge of the plots,
which decreases as the distance from the edge
increases.
Thus, because the gap size is smaller on the BM
site, causing the potential horizontal flux also to be
smaller, the deposition rate of windblown material
should be higher in the BM site. However, we believe
that much of this deposition would occur rapidly as the
material entered the area with vegetation. And much of
the erosion thus occurred upwind of the erosion
bridges placed 5 m downwind of the boundary
(Fig. 6). Given that the present experiment provides
only two data points, we suggest that more research

Fig. 6 Hypothesized, schematic profile of deposition from
upwind, cleared area (left) to downwind vegetated area (right).
It is believed that flux entering the BM vegetated area with
smaller gaps between plants results in more rapid deposition
(dashed line) than flux entering the SM vegetated area with
larger gaps between plants (solid line). In this scenario,
measurement of deposition at some downwind points (i.e.,
where we placed erosion bridges) would result in apparently
higher deposition on plots with large gaps compared to
deposition on plots with small gaps
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would be required to clarify the relationship between
flux, deposition, and gap size in depositional areas.
Okin et al. (2001) presented a conceptual model to
explain ecosystem changes observed in the downwind
area of the scraped site at the JER, focusing on
differential physiological responses of shrubs and
grasses to the physical effects (e.g., burial and
abrasion) of windblown sand and dust particles
(Fig. 7). The conceptual model further suggests that
surface soil in downwind depositional areas may
become depleted in nutrients. However, these authors
did not present quantitative estimates of soil nutrient
content and spatial heterogeneity changes caused by
enhanced deposition. Results of this study agreed with
the conceptual model and showed that surface soil
generally became nutrient-poor after 2 years of
enhanced deposition; however, the degree of decline
was not equivalent across various nutrient constituents
(Table 2). Labile ions such as Navail, SO42−, Cl−, and
Na+ declined most notably, while soil PO43−, K+,
Mg2+, and Ca2+ changed little over this 2-year period.
The different responses of soil nutrients to aeolian
processes have also been observed in the erosionenhanced upwind area in a previous study by Li et al.
(2008).
Study of wind physics suggests that materials
deposited in the downwind and proximate area are
comprised mostly of saltating sands with particle
diameter greater than 50 µm (Okin et al. 2006). Li
et al. (2006) analyzed soil particle distributions and
their associated nutrient content in the airborne
sediment at 0.3 m height at the JER. The authors
found that soil particles of 125–500 µm account for
85% of the mass, but account for less than 60% of the
total N content. In contrast, soil particles with diameter
<50 µm account for <1% of mass but contribute >10%
of total N. Larney et al. (1998) found that Navail
concentrations in windborne sediments collected at the
height of 0.25 m in semiarid Canadian grasslands were
only 50% of the surface soil Navail concentrations,
while Mg2+ and Ca2+ concentrations in the sediment
were nearly identical to those of the surface soil.
Therefore, we suggest that particles deposited in the
downwind area may be particularly poor in labile ions
such as SO42−, Cl−, Na+, and Navail, but the concentrations of immobile nutrients like PO43−, Mg2+, and
Ca2+ are unaffected. The deposition of this “nutrientimbalanced” soil may affect the ecological and
physiological performance of plant species. The low
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Prevailing wind and
sand and dust flux

Shrubby
grassland

Grassland is
converted to
shrubland,
fertile islands
are enforced

Grass reduction
due to initial
burial and
abrasion caused
by saltating
sands

Deposition of fine
particles under
shrubs and coarse
sands in the
interspaces causes
increased shrub
growth

Enhanced
erosion in
situ due to
grass
mortality

Extended
grass
mortality and
shrubs gain
advantage

Fig. 7 A conceptual model showing the role of wind in the conversion of shrubby grassland to shrubland in a deposition enhanced
environment. Revised from Okin et al. (2001) and Hartman et al. (2006)

NO3− -N content in the deposited sand may limit the
germination of grass seeds, since NO3− -N is known to
stimulate seed germination (Karssen and Hilhorst
1992). Some shrubs, however, may not suffer from
the low N sand, since they are relatively efficient users
of N (e.g. Larrea tridentata), or have symbiotic
associations with nitrogen-fixing organisms (e.g. Prosopis glandulosa) (Lajtha and Schlesinger 1986).
The competition advantage of shrubs over grasses
in this deposition dominant environment may be
further illustrated in Fig. 8. In combination with their
natural growth, Total Station data showed that the
mean canopy size of mesquites in the TD100 plot of
the SM site increased from 1.97 m in July 2004 to
2.30 m in July 2006, while the mean size of the only
mesquite in the D1 subplot of the TD100 plot at the
BM site grew from 0.25 m to 0.61 m in the same
period. However, mesquite canopy size in the control
plots was largely unchanged during the same period.
In addition, the mortality of grasses and Gutierrezia
in the deposition-enhanced plots at both sites was
visible, particularly in the BM site, where initial
grass cover was substantially higher than in the SM
site.

Despite the substantial diminishment in the mean
content of several soil nutrients, the spatial distribution of the soil resources may be more important than
mean values in determining the vegetation pattern and
its dynamics in arid and semiarid environments
(Schlesinger et al. 1990). Very few studies have
continuously monitored soil nutrient variation in an
erosion/deposition environment. Okin et al. (2001)
suggest that soil heterogeneity may be increased in
the deposition enhanced area due to the trapping of
nutrient-enriched windborne particles by shrubs and
the deposition of coarse, nutrient poor material in the
interspaces (Fig. 7). Our results of CVs, however,
show that the overall variation of several soil nutrients
decreased (e.g., Navail, PO43−, SO42−, and Cl−) or
changed little (e.g., K+, Mg2+, and Ca2+) with
enhanced wind erosion (Table 3). These results may
suggest that during the first 2 years of this study, sand
supply for wind erosion in the upwind area is
“unlimited,” and deposition of large-sized saltation
Fig. 8 Distribution of plants in the 5 m×10 m soil sampling
subplots in the deposition enhanced (TD100) and control plots
in both study sites during the experimental period. The size of
the symbols represents the approximate size of the plants
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particles is predominant compared to the trapping of
fine, nutrient-rich particles by shrubs.
Geostatistics allowed us to quantitatively infer the
degree and scale of spatial dependence in the
distribution of soil nutrients, and changes in their
spatial heterogeneity associated with enhanced sediment deposition. In July 2004, most of the soil
nutrients are spatially dependent at a scale <2 m in
the SM site (dominated by Prosopis glandulosa and
Sporobolus spp) and up to 4.51 m (Ca2+ in TD100) in
the BM site (dominated by Bouteloua eriopoda)
(Table 4a,b). The scale of spatial dependence corresponds well with the range reported in other semiarid
grasslands. Schlesinger et al. (1996) report that Navail
was spatially dependent at mean distances of 6.0 m
and 2.0 m in grassland and shrubland sites at the JER,
respectively. Zhou et al. (2008) found that soil organic
C and N displayed autocorrelation over a range ~2 m
in a semiarid grassland of Inner Mongolia, northern
China. Results of this study are also consistent with
the finding that grassland under a uniform cover
usually processes a longer spatial autocorrelation in
soils than in areas of woody vegetation (Schlesinger
et al. 1996). Shorter ranges of autocorrelation for soil
nutrients in the SM site are likely due to the fact that
biotic processes are acting at the scale of individual
shrubs (Schlesinger et al. 1996). Døckersmith et al.
(1999) further pointed out that plants may influence
the spatial distribution of soil nutrients through litter
deposition and decomposition, stemflow, and
throughfall.
In the two desert grasslands we studied, enhanced
sediment deposition did not appear to affect the
degree of spatial dependence significantly in soil
nutrients over a 2-year period (Table 4b). However,
enhanced deposition increased the scale of variability
of Navail at the SM site (Table 4b). For example, the
range of Navail increased from 1.50 m in July 2004 to
1.81 m in July 2006 in the TD100 plot, while during
the same period the autocorrelation scale of Navail
decreased from 1.36 m to 0.89 m in the control plot.
The kriged maps visibly show the transformation of
Navail in the deposition enhanced plots over the
experimental period. In the SM site, strong soil Navail
islands were largely maintained; but in the BM site
with substantially higher cover of Bouteloua eriopod,
the originally fragmented and relatively strong Navail
islands have been replaced by more diffuse and weak
resource islands (Fig. 4). These results suggest that
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the spatial heterogeneity of soil nutrients in a
Bouteloua grass-dominated community may be more
susceptible to change under enhanced sand and dust
deposition than a Sporobolus grass-dominated community in the desert grassland of Jornada.
In summary, our results showed that enhanced
deposition led to considerable reduction in both mean
soil nutrient concentrations and CVs in the sandy soils
of the JER over a 2-year period (2004–2006). Given
the observed increase in the scale of spatial dependence
for Navail, but not for K+, PO43−, and Ca2+ following
enhanced sediment deposition, we suggest that this
plant limiting nutrient (Navail) may be particularly
responsive to increased soil erosion due to livestock
grazing and other anthropogenic activities that remove
vegetation. Our study further suggests that soil
particles deposited in the downwind area may be
“nutrient-imbalanced.” Specifically, the lower-thannormal Navail concentrations in the wind-deposited
soils may inhibit the growth of grasses and the
germination of seeds. Based on the results for winderodible ecosystems found in southern New Mexico,
Bouteloua-dominated communities may be particularly
susceptible to change under enhanced soil erosion
conditions.
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