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We investigated amounts and particle size distributions (PSDs) of aeolian sediments collected at five
heights in five ecosystem types at the Jornada Basin, Chihuahuan Desert, New Mexico, USA. Particle size
distributions, mass fluxes, and percent of dust-sized (650 lm) mass flux were determined for all heights
and all ecosystem types. Differences between sites were determined using ANOVA followed by Tukey–
Kramer post hoc tests to find groupings. For creosote shrublands, grasslands, and two tarbush-dominated
alluvial flats, samples collected at 5, 10, and 20 cm had >80% sand-sized (>50 lm) particles, while one
playa and tarbush site yielded �45% dust-sized particles at 5 and 10 cm. The transition from saltation
to suspension was �20 cm for most sites. Two mesquite dune sites and an anthropogenically devegetated
site, all with high overall mass fluxes, shifted to suspension at�50 cm. Highest dust fluxes occurred at the
devegetated site, followed by the playa, a mesquite site with unvegetated ‘‘streets,’’ and tarbush sites.
These field observations are consistent with laboratory-based dust emission experiments and remote
sensing studies in the Chihuahuan Desert. Playas and tarbush sites are major dust producers due to high
proportions of fines, whereas the mesquite site produces much dust because of greater overall mass flux.
Mesquite dunes covering most of the basin likely produce the most dust overall, though playas and tar-
bush-dominated alluvial flats (which cover about 8%) can emit large amounts of dust. Continuing shrub-
land encroachment will likely increase dust emissions from the Jornada Basin, as well as in other arid
regions.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction Hesse and Simpson, 2006; Okin et al., 2006). Redistribution of soil
The expansion of woody plants, typically into semiarid and mesic
grasslands, has been documented in both North and South America,
southern Africa, Australia, Asia, and Europe (e.g., Altesor et al., 2006;
Angassa, 2005; Archer et al., 1988; Cabral et al., 2003; Cheng et al.,
2004; Costello et al., 2000; Kraaij and Milton, 2006; Peters and
Gibbens, 2006; Scholes and Archer, 1997; Van Auken, 2000). Conver-
sion from grasslands to woody plant-dominated landscapes has
important local, regional, and global consequences, including
changes in carbon dynamics, loss of biodiversity and forage produc-
tion, changes in hydrological budgets, and wind and water erosion of
soil and nutrients (Peters et al., 2006; Safriel and Adeel, 2005).

The type and amount of vegetation cover is an important factor
in determining wind erosion. Although models differ in what
aspect of vegetation cover is most important (such as total cover
versus lateral cover), there is general agreement that shrublands
provide less protection from wind erosion than grasslands (e.g.,
ll rights reserved.
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material by wind occurs from the local scale (from the interspace
to under shrubs), the patch scale (dust removed for long-distance
transport), and the global scale (deposition of nutrients in down-
wind ecosystems) (Okin et al., 2006). The size of the eroded particle
will determine its transport mechanism, with larger particles more
likely to be transported relatively short distances via saltation,
while smaller particles can be transported larger distances via sus-
pension. Saltating particles are more likely to influence local pro-
cesses, while suspended particles are more likely to influence
regional to global processes. The transition between saltation-
dominated and suspension-dominated transport depends upon
surface conditions and wind velocity, and is often found �20–
30 cm above the surface for dryland soils (Fryrear and Saleh,
1993). In locations with low surface cover and/or high wind veloc-
ities, the larger particles can be lifted higher above the surface,
increasing the height of the transition layer (Warren et al., 2007).
Thus, understanding how types of and changes in land cover
impact aeolian processes is critical for both local and global
systems, understanding past processes, and predicting future
changes in aeolian processes as climatic change leads to ecosystem
changes (Reynolds et al., 2003). Landscape characteristics – includ-
ing both geomorphology and vegetation type and cover – modulate
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the location as well as the intensity of wind erosion. Playas (dry
lake beds in topographically closed desert basins) have long been
considered to be primary ‘‘hotspots’’ of dust emission (Engelstaed-
ter et al., 2003; Gill, 1996; Ginoux et al., 2001; Prospero et al.,
2002; Reynolds et al., 2007) to the point that the distribution of
topographic lows in drylands has been used as a proxy for source
areas in models of long-distance transport of dust (Ginoux et al.,
2004; Mahowald et al., 2002; Zender et al., 2003). In an analysis
of global dust storm frequency (DSF) records, Engelstaedter et al.
(2003) suggested that DSF is highest in bare ground areas and in-
creases as the fraction of closed topographic depressions increases.
DSF in shrublands was found to be �1/3 that of topographic
depressions yet an order of magnitude higher than in grasslands
(Engelstaedter et al., 2003). In the Mojave Desert/Southern Great
Basin of North America, Reheis and Kihl (1995) found that playas
and alluvial sources produce roughly equivalent amounts of dust
per unit area, although total dust production from the more spa-
tially extensive alluvial sources is much larger.

Vegetation protects soils from wind erosion through three pri-
mary mechanisms: (1) providing direct shelter from the force of
wind by covering a fraction of the surface and creating a lee-side
wake where wind speeds are dramatically reduced, (2) extracting
momentum from the wind, thus reducing erosivity, and (3) trap-
ping windborne particles, reducing total flux and providing a loci
for sediment deposition (Okin et al., 2006; Wolfe and Nickling,
1993). Many modeling efforts have shown that three aspects of
vegetation are important predictors of wind erosion: (1) percent
cover, which is related to simple surface protection, (2) lateral cov-
er (the total frontal silhouette area of vegetation intercepted by
wind), which affects how much momentum the vegetation can ex-
tract from the wind, and (3) the spatial distribution of the vegeta-
tion, which impacts the fetch distance (Li et al., 2007; Okin et al.,
2009, 2006; Wolfe and Nickling, 1993). The longer the fetch dis-
tance, the more aeolian sediment flux occurs. Desert grasslands
tend to have greater overall cover, greater lateral cover, and shorter
aeolian fetch distances than do shrublands (Gillette and Monger,
2006), all characteristics that should reduce aeolian erosion from
grasslands compared to shrublands.

Blowing dust and sand is frequent in the Chihuahuan Desert
(CD) of southwestern North America (Bowker et al., 2008), making
it one of the aeolian hotspots of the continent (Prospero et al.,
2002). Shrublands are the predominant land cover type of the
CD, especially the uplands, while grasslands are the typical
lowland vegetation of the desert (Beltrán-Przekurat et al., 2008;
Gibbens et al., 2005), and playas of varying size are scattered
throughout. Remote-sensing-based analyses of regional dust
events throughout the Chihuahuan Desert have suggested that
shrublands are the most important dust source areas overall and
grasslands are relatively minor contributors (Rivera Rivera et al.,
2010), although playas/unvegetated lands are clearly also major
dust sources (Rivera Rivera et al., 2010) and dominate some
individual events within the CD (Dominguez Acosta, 2009; Gill
et al., 2009; Lee et al., 2009).

The Jornada Long Term Ecological Research site (LTER), located
in the northern CD of south-central New Mexico, USA, has been the
site for several studies on aeolian processes in arid environments
(Belnap and Gillette, 1998; Bergametti and Gillette, 2010; Gillette
and Monger, 2006; Gillette and Chen, 2001; Gillette et al., 2006;
Gillette and Pitchford, 2004; Okin and Gillette, 2001). Much of
the work has compared emissions from bare surfaces with those
from areas dominated by mesquite (Prosopis grandulosa) shrubs.
Okin and Gillette (2001) found areas of extremely long aeolian
fetch distance (termed ‘‘streets’’) tending to be aligned with the
direction of the prevailing wind in some mesquite (Prosopis sp.)-
dominated shrublands (but not reported in the literature from
other types of shrublands in the CD or elsewhere). The faster wind
flow down these ‘‘streets’’ (Bowker et al., 2006) makes them the
dominant local sources of wind-eroding sand (Bowker et al.,
2008) Mesquite-dominated areas in the Jornada LTER were shown
by Gillette and Pitchford (2004) to have roughly 10 times the
amount of aeolian sand flux as areas with other vegetation types.
The flux was greatest at the end of the ‘‘streets’’ in-between mes-
quite patches, while sediment collectors placed just downwind of
mesquite bushes had less flux (Gillette and Pitchford, 2004). This
demonstrates the importance of spatial distribution of vegetation,
as flux in mesquite areas was not well explained by simply describ-
ing the vegetation coverage.

Less work has been done investigating the effects that different
vegetation types have on aeolian processes (although see Gillette
and Pitchford, 2004). The five most common vegetative types in
the Jornada LTER are honey mesquite (Prosopis grandulosa) dune
shrublands, black grama (Bouteloua eriopoda) grasslands, creosote
bush (Larrea tridentata) shrublands, tarbush (Flourensia cernua)
shrublands on alluvial flats, and grass-dominated (characterized
by Pleuraphis mutica) playas (Huenneke et al., 2001, 2002; Peters
and Gibbens, 2006). The Jornada LTER has experienced major
changes in its plant communities over the past 100 years (Gibbens
et al., 2005; Peters and Gibbens, 2006). Black grama grasslands
have decreased from covering about 19% of the Jornada in 1915–
1916 to only about 8% in 1998 (Gibbens et al., 2005). Honey mes-
quite increased from covering about 26% of the Jornada to 59% total
coverage in 1998, with 27% classified as mesquite dunes (soil accu-
mulations at the base of plants 20 cm to about 3 m in height) and
17% as mesquite sandhills (accumulations greater than 3 m in
height) (Gibbens et al., 2005).

Three study sites in each of these vegetative types were estab-
lished in 1989 to study net primary productivity (NPP) and vegeta-
tion change (Huenneke et al., 2002). Bergametti and Gillette (2010)
found significantly higher horizontal mass flux at mesquite sites
from 1998 to 2005 than at each of the other four vegetation types.
The mass fluxes at the other four vegetation types (grasslands, cre-
osote bush, tarbush, and playa) were statistically indistinguishable
from each other. Saltation was determined to be the mechanism
for flux at the mesquite sites, but did not explain the flux patterns
at the other vegetation sites. Size distributions of the transported
particles were not examined by Bergametti and Gillette (2010)
nor in previous studies of aeolian processes at the Jornada LTER.

In this study, we investigate the amounts and particle size dis-
tributions (PSDs) of material collected in Big Spring Number Eight
(BSNE) aeolian sediment samplers (Fryrear, 1986) in late spring–
early summer (the windy season) 2006 near each of the NPP sites
in the five vegetative types the Jornada LTER. We also estimate
amount of silt- and clay-sized particles (650 lm, ‘‘dust’’) produced
at these different sites. The mesquite-dominated regions have been
shown to experience more aeolian mass flux than other vegetation
types (Bergametti and Gillette, 2010; Gillette and Monger, 2006;
Gillette and Pitchford, 2004), and understanding the characteristics
of particle size composition of aeolian erosion from within these
different vegetation types will be important as mesquite and creo-
sote continue to replace historical grasslands at the Jornada and
other sites in the Chihuahuan Desert, and as woody shrubs replace
grasslands worldwide.

2. Methods

2.1. Sample collection

Detailed descriptions of sample collection can be found in
Bergametti and Gillette (2010). Briefly, Big Spring Number Eight
(BSNE) aeolian sediment samplers (Fryrear, 1986) were deployed
at sites adjacent to the 15 NPP sites described above (see Bergametti
and Gillette (2010), for a map of the study sites). There are three sites
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per vegetative type (mesquite, grama grassland, creosote, tarbush,
and playa), and each site is named with the initial of the vegetation
site and a four letter code representative of the site (i.e., P-TOBO is a
playa site with Tobosa grass present, Table 1). The non-mesquite
sites had four sampler towers, each located at the corners of a
10 m square. Three sites had incomplete sampling at one of the four
towers, generally caused by problems with one or more of the BSNE
samplers, but we analyzed the samples collected from the remaining
three towers (Table 1). For the mesquite sites, one (M-NORT) had a
dense sampling design with 10 BSNE towers, detailed by Gillette
et al. (2006). The other two mesquite sites (M-WELL and M-RABB)
had single sampling towers. Each tower had five BSNE samplers,
with the mouths of the samplers set at 5, 10, 20, 50, and 100 cm
above the soil surface. Where multiple sampling towers existed
and collected enough sediment for analysis, we analyzed samples
from all towers and report the average results with error bars repre-
senting one standard deviation. The BSNE samplers at two of the
three playa sites (P-COLL and P-SMAL) did not collect enough aeolian
sediment for analysis of particle size distribution, and thus are not
included in the analysis. The particle size distributions for M-WELL
and M-RABB were determined, but because of the lack of replicate
sampling towers, those results were not included in the statistical
analysis described below. However, earlier work has shown that
M-WELL, with a more homogeneous distribution of mesquite plants
and lack of well-developed ‘‘streets,’’ has less aeolian mass flux than
the other two mesquite sites (Bergametti and Gillette, 2010; Okin
and Gillette, 2001). Thus we wanted to determine if there were dif-
ferences in the particle size distributions and mass flux of dust-sized
particles for the different mesquite sites. An artificially devegetated
site, designated ‘‘SCRAPE’’ by Gillette and Chen (2001), was sampled
with three BSNE towers to show the effect of the devegetation on
aeolian sediment flux. The length of time each site was sampled var-
ied, but the samples analyzed in this study were all collected during
spring, which is the windiest season in the Jornada Basin (Bergametti
and Gillette, 2010; Wainwright, 2006), and early summer of 2006
(Table 1).
2.2. Particle size analysis

Sediment samples from the BSNEs were dried and weighed, and
daily horizontal mass flux was calculated by dividing the mass of the
Table 1
Description of sample locations, soil texture, percentages of clay-, silt-, and sand-sized pa

Vegetation
type

Site
name

Latitudea Longitudea Soil texturea %
Claya

%
S

Creosote C-CALI 32.5136 �106.7961 Sandy loam 8.3 1
C-GRAV 32.4892 �106.7817 Sandy loam 7.7 1
C-SAND 32.5144 �106.7906 Coarse sandy

loam
8.7 1

Grassland G-BASN 32.5297 �106.7856 Loam 21.6 2
G-IBPE 32.5886 �106.8436 Loamy fine sand 6.8
G-
SUMM

32.5144 �106.8003 Loamy sand 6.9 1

Tarbush T-EAST 32.5136 �106.7401 Sandy loam 11 2
T-TAYL 32.5469 �106.7106 Sandy clay loam 20.7 2
T-WEST 32.5127 �106.7430 Sandy clay loam 17.9 3

Playa
grassland

P-TOBO 32.6678 �106.7719 Clay loam 35.5 3

Mesquite M-NORT 32.6186 �106.7858 Loamy fine sand 7.9
M-RABB 32.6103 �106.7964 Loamy fine sand 8
M-WELL 32.6047 �106.8508 Loamy fine sand 6.3

Devegetated SCRAPE 32.5390b �106.7583b Loamy sandb na n

a Data from National Soil Survey Center, USDA-NRCS, Lincoln, NE.
b Data from Gillette and Chen (2001).
collected sediment by the area of the BSNE orifice and by the number
of days the sampler was deployed. This standardizes the mass of the
collected sediment by the size of the BSNE sampler mouth and the
amount of time of sample collection. BSNE samplers have been
shown to have collection efficiencies of close to 90% for airborne soil
particles >50 lm in diameter (Shao et al., 1993), but only around
30–40% for particles 650 lm in diameter (Goossens and Offer,
2000; Shao et al., 1993). Thus the measured particle size distribu-
tions likely underrepresent the amount of dust-sized (650 lm) par-
ticles. Prior to analysis, vegetative debris and particles >2 mm were
removed by hand as thoroughly as possible. This sorting did break up
some of the dry sediment aggregates present in some of the samples,
particularly those from T-WEST and P-TOBO.

Volumetric particle size distributions were measured with a
Malvern Mastersizer 2000 laser diffractometer (Malvern Instru-
ments Ltd., Worcestershire, UK), using the Scirocco 2000 accessory
for sample dispersion in air and the Hydro 2000 accessory for sam-
ple dispersion in water, generally following the protocols recom-
mended by Sperazza et al. (2004) and Zobeck (2004). Samples
dispersed in water were not treated with a chemical dispersant
prior to analysis, but were sonicated for 30 s prior to particle size
measurements to help uniformly disperse the particles. Dry disper-
sion requires more sample than does the dispersion in water, so
small samples (typically <0.5 g) were analyzed wet while larger
samples (>1.0 g) were analyzed dry. Samples from the mesquite
sites, the SCRAPE site, and some of the grassland sites were ana-
lyzed dispersed in air (110 samples total), while samples from
the remaining sites were analyzed dispersed in water (152 samples
total). A subset of samples was analyzed both dry and wet, with
both methods of dispersal giving very similar results for sandy sed-
iments (Fig. 1). For the two sites with higher percentages of clay-
and silt-sized particles (T-WEST and P-TOBO), the dispersal in
water gave qualitatively similar results, but with the median parti-
cle size shifted toward finer particles (Fig. 1). For these sites, we
used the particle size distributions obtained using wet dispersion
for data analysis. Replicate aliquots of samples were analyzed
when sufficient sediment was collected, and these replicates also
had very similar PSDs (data not shown). When replicate aliquots
were analyzed, we averaged the PSDs for data analysis.

To assess the shape of the particle size distribution, the Malvern
proprietary software was used to calculate the median particle size
rticles present in the 62 mm size fraction, and sampling dates.

ilta
%
Sanda

# BSNE sampling
towers

Sampling start
date

Sampling end
date

7.1 74.6 4 4/13/2006 7/4/2006
2.5 79.8 4 4/13/2006 7/4/2006
5.9 75.4 4 4/13/2006 7/4/2006

0 58.4 3 6/9/2006 7/4/2006
8.6 84.6 4 4/13/2006 7/4/2006
4.1 79 4 4/13/2006 7/4/2006

6.4 62.6 3 4/12/2006 6/9/2006
3.9 55.4 3 4/12/2006 6/9/2006
1.1 51 4 4/13/2006 7/4/2006

0.4 34.1 4 4/13/2006 7/4/2006

3.1 89 10 11/30/2005 5/22/2006
6.4 85.6 1 11/30/2005 5/22/2006
5.4 88.3 1 11/30/2005 5/22/2006

a na 3 6/1/2006 6/23/2006



Fig. 1. Comparison of particle size distributions obtained using samples dispersed in water and samples dispersed in air. For the samples from 5 and 10 cm from the second
tower at the playa site P-TOBO, dispersal in water shows a slight shift towards finer particles, although the overall particle size distributions are qualitatively similar. As the
height at which the sample was collected increases, the results from both types of dispersal are very similar. For the samples collected at tower D6.5 at the mesquite site M-
NORT, there is no discernable difference in the particle size distributions with either dispersal method.
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Fig. 2. Particle size distributions of BSNE-collected sediments at 5, 10, 20, 50, and 100 cm above the soil surface for each site. For most sites, the sediments from the 5, 10, and
20 cm heights have very similar PSDs, dominated by sands. The sediments from the 50 and 100 cm heights shift towards finer particles. Sites P-TOBO and T-WEST have larger
percentages of dust (650 lm) at the lower heights.
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and the span of the particle size distribution. The span is calculated
as the diameter at which 90% of the particle size distribution falls
below (D(0.9)) minus the diameter at which 10% of the particle size
distribution falls below (D(0.1)), divided by the median particle
size (D(0.5)). Span is similar to kurtosis (a measure of how peaked
or flat the distribution is), and, combined with the median particle
size, gives a quantitative method of comparing particle size distri-
butions. The percent of particle volume in different size classes was
also measured, including the percent of the sample in the dust size
range (defined here as 650 lm diameter). The production of dust-
sized particles was estimated by multiplying the percentage of
sample in that size category by the horizontal mass flux for each
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location and height. The transition between saltation (coarser
particle)-dominated transport and suspension (finer particle)-
dominated transport (Fryrear and Saleh, 1993) was determined
by finding the height at which the PSDs changed from the distribu-
tions seen at 5 and 10 cm above the soil surface to the distributions
seen at higher heights.
2.3. Statistical analysis

The median particle size, span of the particle size distribution,
horizontal mass flux, and the estimated mass of dust-sized parti-
cles produced at the different sites were log-transformed for nor-
mality as needed and compared for each height using one-way
ANOVA. If the ANOVA was significant, the means were compared
using the Tukey–Kramer test. All statistics were calculated using
JMP 8.0 (SAS Institute, Cary, NC).
Table 2
Results from one-way ANOVA tests for median particle size, span, mass flux, and mass
flux of particles smaller than 50 lm. Data were log-transformed as required for
normality.

Height Log transformed? df F ratio p-Value

(A) Median particle size
5 cm N 11 11.8175 <0.0001
10 cm N 11 14.7289 <0.0001
20 cm N 11 21.8524 <0.0001
50 cm Y 11 20.0596 <0.0001
100 cm Y 11 7.6383 <0.0001

(B) Span
5 cm Y 11 7.835 <0.0001
10 cm Y 11 13.5833 <0.0001
20 cm Y 11 21.9683 <0.0001
50 cm Y 11 9.7612 <0.0001
100 cm Y 11 4.9422 <0.0001

(C) Mass flux
5 cm Y 11 20.8281 <0.0001
10 cm Y 11 18.7698 <0.0001
20 cm Y 11 25.6842 <0.0001
50 cm Y 11 37.5941 <0.0001
100 cm Y 11 45.3822 <0.0001

(D) Mass flux of dust-sized particles
5 cm Y 11 10.4237 <0.0001
10 cm Y 11 7.2476 <0.0001
20 cm Y 11 14.0001 <0.0001
50 cm Y 11 38.1108 <0.0001
100 cm Y 11 26.1116 <0.0001
3. Results

3.1. Particle size distributions

3.1.1. Particle size distributions at each site
At the lower heights (5 and 10 cm), all sites except the playa site

(P-TOBO) and one tarbush site (T-WEST) had >80% sand-sized par-
ticles (>50 lm), as would be expected within the saltation zone,
with median particle sizes of 180–380 lm (Supplementary
Fig. 2). Samples from the 20 cm height from all of the creosote
sites, two of the grassland sites (G-BASN and G-IBPE), one mesquite
site (M-WELL), and the other two tarbush sites (T-TAYL and T-
EAST) were all similar to those from 5 and 10 cm. The sediments
at 50 and 100 cm shifted progressively finer, with median sizes
of 80–130 lm at 50 cm and 60–80 lm at 100 cm (Fig. 2). The sim-
ilarities of the PSDs at 5, 10, and 20 cm combined with the shift to
finer particles at 50 and 100 cm suggest that the transition from
saltation (coarser particle, sand)-dominated transport to suspen-
sion (finer particle, dust)-dominated transport (Fryrear and Saleh,
1993) occurs between 20 and 50 cm.

The exceptions to these patterns were the one playa site (P-
TOBO) and one tarbush site (T-WEST), where approximately 45%
of the sediment at 5 and 10 cm was silt- and clay-sized particles
(650 lm), and the median particle sizes were approximately
60 lm (Fig. 2). The PSDs for sediments at 50 and 100 cm heights
above the playa site were similar to each other, with fewer
610 lm particles than at 5 and 10 cm, but with more 10–50 lm
particles than at lower heights. The PSD for sediments at 20 cm
was similar to the sediments from 5 and 10 cm, although with few-
er 610 lm particles. A similar pattern was seen at the tarbush site
(T-WEST), with the 20 cm sample having more 10–50 lm particles
but fewer coarse sand (>500 lm) particles than at 5 and 10 cm
(Fig. 2). Although the sediments at the lower heights (5, 10, and
20 cm) were finer than those at the upper heights, the change in
PSDs with height suggests the transition between saltation-
dominated and suspension-dominated transport occurs between
20 and 50 cm at these sites as well. The samples from the lower
heights at these sites were physically observed to contain aggre-
gated fine particles. These aggregated particles might aerodynam-
ically act as larger particles, and thus be too coarse to suspend
without some means to disaggregate them.

The two mesquite sites (M-NORT and M-RABB) and the artifi-
cially devegetated site (SCRAPE) had nearly identical PSDs at 5, 10,
and 20 cm heights, with the sediment at 50 cm only slightly finer
than lower heights (a decrease in median particle size of less than
50 lm from 20 to 50 cm), and the 100 cm height strongly shifted
to finer particles (a decrease of over 100 lm from 50 to 100 cm)
(Fig. 2). For these sites, the transition from saltation-dominated to
suspension-dominated likely occurs between 50 and 100 cm.

Most sites had generally similar PSDs at each of the BSNE tow-
ers, as seen in the small standard deviation error bars in Fig. 2.
However, at T-WEST and P-TOBO, the two sites with the greatest
percentages of fine particles, there was greater variation between
the PSDs for each tower. For example, at T-WEST towers 1 and 3
had more than 60% dust-sized particles collected at 5 cm above
the surface, while the other two towers had less than 30% dust-
sized particles at 5 cm.
3.1.2. Comparisons of PSDs between sites at each height
Comparisons of the median particle size at each height indepen-

dently showed significant differences between the sites (ANOVA,
p < 0.0001 for all heights, Table 2) (Figs. 3 and 4). Comparisons of
the sites using the Tukey–Kramer post hoc test showed that certain
sites tended to cluster together at all heights (Table 3A). At the
coarser sizes, M-NORT and SCRAPE always had median particle
sizes that were statistically identical, while at the finer sizes P-
TOBO and T-WEST were statistically identical. The other sites
grouped in different ways as the sample height changed, tending
to be more similar to the coarser M-NORT and SCRAPE sites at low-
er heights and then changing to be more similar to the finer P-
TOBO and T-WEST sites at the upper heights, consistent with the
transition to finer particles as height increased seen in the previous
section (Figs. 3 and 4). At the 5 and 10 cm heights, all of the sites
except for P-TOBO and T-WEST had statistically similar median
particle sizes (Table 3A). The groupings begin to change at 20 cm,
with some of the sites with coarser particles grouping with M-
NORT and SCRAPE, while those with finer particles grouping with
P-TOBO and T-WEST. At 50 cm, the median particle size at M-NORT
and SCRAPE were significantly larger than all sites except one, a
grassland site (G-IBPE). Finally, at 100 cm the differences in med-
ian particle size have lessened, with most of the sites being statis-
tically indistinguishable. The PSDs generally became more similar
above the transition from saltation to suspension, at 50 cm for
most vegetated sites and at 100 cm for all sites (Figs. 3 and 4).



Fig. 3. Particle size distributions of representative sites with coarse particle sizes by height. At 5, 10, and 20 cm, the sites show two different patterns of PSDs. All of the sites
except for C-CALI have very similar PSDs, while the PSD for C-CALI is shifted to finer particles. At 50 cm, C-CALI still have the PSD with the finest particles, G-IBPE and M-WELL
have PSDs that have shifted to finer particles, and M-NORT and SCRAPE have similar and coarser PSDs. At 100 cm, the PSDs from all sites have largely converged, with median
particle sizes of 80–120 lm.
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Comparisons of the span of the PSDs (a measure of how peaked
the PSD is, with small values indicating most of the particles are sim-
ilar in size while larger values indicating a wider variation in sizes) at
each height independently also showed significant differences be-
tween the sites (ANOVA, p < 0.0001 for all heights, Table 2). At 5,
10, and 20 cm, the Tukey–Kramer post hoc test indicated that sites
P-TOBO and T-WEST grouped together with the largest spans, indi-
cating the higher percentages of fine particles present at these sites
(Table 3B). The two coarse sites, M-NORT and SCRAPE, also grouped
together at all heights with narrow spans, indicating a fairly uniform
population of particles (Table 3B). The remaining sites were gener-
ally intermediate to these different groups of sites. At lower heights
they tended to group with the coarser sites because of their lack of
fine particles, while at the upper heights they tended to group with
the finer sites. Indeed, at 50 and 100 cm most of the sites were sta-
tistically indistinguishable.
3.2. Potential dust production

For all heights, there were significant differences in horizontal
mass flux across the sites (ANOVA, p < 0.0001 for all sites, Table
2) (Fig. 5). The Tukey–Kramer post hoc test indicated that mass
fluxes at M-NORT and SCRAPE were significantly greater than all
other sites at 5, 20, 50, and 100 cm, and greater than all sites but
T-TAYL at 10 cm (Table 4B). At 20, 50, and 100 cm, SCRAPE had sig-
nificantly more mass flux than M-NORT. All other sites had statis-
tically similar mass fluxes at all heights.

The percent of dust-sized particles (650 lm) was greatest at the
lower heights in the P-TOBO and T-WEST sites and least at the low-
er heights in the M-NORT and SCRAPE sites (Figs. 2 and 4). Multi-
plying the percent of dust-sized particles by the mass flux gave an
estimate of dust production for all sites at all heights (Fig. 6). For all
heights, there were significant differences in mass of dust-sized
particles across all sites (ANOVA, p < 0.0001 for all heights, Table
2) (Fig. 6). Despite the differences in the percent of dust-sized par-
ticles, at 5 and 10 cm, the SCRAPE, M-NORT, P-TOBO, T-TAYL, and
T-WEST sites were grouped together by the Tukey–Kramer post
hoc test (Table 4B). For 20, 50, and 100 cm, SCRAPE had the great-
est mass flux of dust-sized particles. At those same heights, M-
NORT, P-TOBO, T-TAYL, T-WEST, and G-BASN had greater mass flux
of dust-sized particles than the other sites (Table 4B and Fig. 6).
4. Discussion

4.1. Aeolian particle size distributions in the Jornada Basin

The particle size distributions for most sites were similar, with
most of the samples from 5, 10, and 20 cm made up largely by



Fig. 4. Particle size distributions of representative sites with fine particle sizes by height. At 5 and 10 cm, T-WEST and P-TOBO have similar PSDs with a higher percentage of finer
particles, while T-EAST and T-TAYL have similar and coarser PSDs. At 50 and 100 cm, the PSDs from all sites have largely converged, with median particle sizes of 50–70 lm.

Table 3
Results from the Tukey–Kramer post hoc means comparison for (A) median particle size and (B) span. The averages reported in the table have been back-transformed if the values
had been log-transformed for the ANOVA. Samples with means that cannot be distinguished statistically are joined with the same letter. The sites are reported in the same order
for both tables. The results for sites P-TOBO and T-WEST are bolded because they always are grouped together. The results for sites M-NORT and SCRAPE are italicized because
they always are grouped together. The other sites are generally intermediate to these two groups. The particle size distributions tend to become more similar as the height above
the soil surface increases.

5 cm 10 cm 20 cm 50 cm 100 cm
Mean Mean Mean Mean Mean

(A) Median particle size
C-CALI 175.6 A 159.5 A 133.2 B C D 96.5 C D E F 78.7 B C
C-GRAV 175.3 A 125.9 A B 141.0 B C 119.3 C D E 76.7 B C
C-SAND 228.6 A 157.2 A 143.7 B C 98.2 C D E F 80.1 A B C
G-BASN 380.7 A 263.0 A 181.4 A B C 112.3 C D E F 73.4 B C
G-IBPE 286.3 A 246.8 A 226.4 A B 164.7 B C 84.1 A B C
G-SUMM 233.0 A 205.5 A 143.3 B C 133.5 C D 75.7 B C
T-EAST 168.7 A 135.5 A B 109.7 C D 77.2 D E F 64.5 C
T-TAYL 185.7 A 206.5 A 197.4 A B C 111.5 C D E F 74.6 B C
T-WEST 37.7 B 49.2 B 53.3 E 66.0 F 62.5 C
P-TOBO 46.9 B 50.3 B 79.5 D E 73.1 E F 54.1 C
M-NORT 270.8 A 274.1 A 277.7 A 245.8 A B 119.6 A
SCRAPE 232.8 A 243.6 A 273.1 A 336.8 A 123.8 A B

(B) Span
C-CALI 3.40 A B C 2.59 C D E 2.77 B C 2.79 B C 2.63 B C
C-GRAV 2.97 B C 3.28 B C 2.55 C D 3.06 A B 2.65 B C
C-SAND 2.56 C 3.10 B C D 2.94 B C 4.60 A 2.64 B C
G-BASN 2.00 C 2.41 C D E 2.82 B C D 3.82 A B 3.05 A B C
G-IBPE 1.68 C 1.72 C D E 1.76 D E F 2.50 B C 2.90 A B C
G-SUMM 2.41 C 2.36 C D E 3.56 A B C 3.10 A B 2.32 B C
T-EAST 3.29 A B C 3.30 B C D 3.66 A B C 4.21 A B 2.47 B C
T-TAYL 2.57 B C 2.98 B C D 2.37 C D E 3.43 A B 2.25 C
T-WEST 9.15 A 8.27 A 4.85 A 2.74 B C 2.48 B C
P-TOBO 7.35 A B 6.18 A B 4.24 A B 3.64 A B 2.72 B C
M-NORT 1.56 C 1.47 E 1.47 F 1.91 C 3.30 A B
SCRAPE 1.62 C 1.45 D E 1.43 E F 1.76 C 4.35 A
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Fig. 5. Sediment horizontal mass flux by height for all sites. For all sites, the
horizontal mass flux is greatest at the lower heights and decreases with increasing
height above the soil surface. Mass flux is dominated by the artificially-devegetated
SCRAPE site, while M-NORT dominates the vegetated sites. The three mesquite sites
differ in the development of large dunes, with M-NORT having the most developed
dunes and the largest inter-shrub distances. M-WELL has the least developed dunes
and the most vegetative cover of the mesquite sites, and also has the least mass flux
of the mesquite sites. However, M-WELL still has slightly greater mass flux than the
other vegetated sites. Of those sites, P-TOBO, T-TAYL, G-BASN, and G-IBPE has the
greatest mass flux.
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sand-sized particles, being within the saltation zone (Figs. 2–4).
Only P-TOBO and T-WEST, the sites that were grouped together
for median particle size and span by the Tukey–Kramer test at
those lower heights, had large percentages of clay- and silt-sized
particles near the ground. Soil classification of all study sites by
the National Soil Survey Lab (Soil Survey Staff, 2009) shows that
most sites range from sandy loams to loams (Table 1). The only
exceptions included in this study are two tarbush sites (T-WEST
and T-TAYL), classified as sandy clay loams, and the playa site (P-
TOBO), classified as a clay loam (Soil Survey Staff, 2009). Labora-
tory tests have shown that the median particle size of aeolian
emissions from soils decreases as soil clay content increases
(Carvacho et al., 2001; Zobeck and Amante-Orozco, 2001), as we
observed in this study. This pair of sites also showed the greatest
variation between PSDs from samples collected in the field at dif-
ferent towers within the same site: at T-WEST towers 1 and 3
had more than 60% dust-sized particles collected at 5 cm above
the surface, while the other two towers had less than 30% dust-
sized particles at 5 cm. Laboratory dust emission tests (Ashbaugh
et al., 2003; Zobeck and Amante-Orozco, 2001) have shown signif-
icant variations in dust emissions within the same soil at the same
site, especially for clayey wind-erodible soils (Zobeck and Amante-
Orozco, 2001). Studies of individual dust events in southwest
North America (Gillette, 1999; Lee et al., 2009) have similarly
pointed out strong spatial heterogeneities in aerosol emission,
with contiguous, identical-appearing ‘‘patches’’ of playas and
shrublands alternately emitting or stable at the same moment dur-
ing a storm. The observed variations of PSD at different towers
within a given site may also be a manifestation of this small-scale
variability in wind erosion.

The transition from saltation-dominated transport to suspen-
sion-dominated transport (Fryrear and Saleh, 1993) occurred
around 20 cm for most sites. For all sites except P-TOBO and T-
WEST, the shift was from coarser particles to finer particles, as
would be expected a priori. For P-TOBO and T-WEST, two of the
dust-emitting sites with relatively clayey surfaces, the finer parti-
cles apparently agglomerated as a surface crust and were likely
transported as larger-sized, flattened aggregates typical of wind-
eroded clayey surface crusts (Cahill et al., 1996), remaining less
than 20 cm from the soil surface. During the particle size analysis,
these agglomerates were largely disaggregated through physical
processes, allowing individual particle sizes to be measured. With-
out additional forces, such as saltating particles ‘‘sand-blasting’’
the surface (Gillette and Chen, 1999) to cause this disaggregation
in situ, we could overestimate the dust production from these sites
(Chandler et al., 2005). However, a disproportionate amount of
dust emission in the CD has been observed at geomorphic inter-
faces where sandblasting would occur, such as playa–sand sheet
contacts (Lee et al., 2009; Rivera Rivera et al., 2010), thus the lab-
oratory analysis may have simulated actual geomorphic processes
to some extent.

For M-NORT, M-RABB, and SCRAPE, the sites with the largest
overall aeolian mass fluxes (and with PSDs statistically grouped to-
gether), the transition height from saltation to suspension was
higher than at the other sites, occurring closer to 50 cm above
the soil surface. The lack of vegetation to protect the soil surface
likely caused the wind energy to be greater than in sites with more
vegetation, leading to an increased intensity of saltation at those
sites and lifting more of the larger sand-sized particles higher
above the surface (Chen et al., 1996; Dong et al., 2003).

4.2. Aeolian mass fluxes and dust fluxes in the Jornada Basin

The horizontal mass fluxes during the period sampled for this
study, spring 2006, followed the same patterns found by Gillette
and Chen (2001), Gillette and Pitchford (2004), and Bergametti
and Gillette (2010). The artificially devegetated site SCRAPE had
a statistically significant highest horizontal mass flux of all sites
(Fig. 5), which is expected since removal of vegetation and surface
crusts increases the erodibility of sandy desert soils (J. Li et al.,
2007; X.Y. Li 2004), and in line with observations of disturbed
lands in the CD as ‘‘hotspots’’ of dust emission (Gill et al., 2009;
Lee et al., 2009; Rivera Rivera et al., 2010). This is also in agreement
with prior studies of the SCRAPE site (Gillette and Chen, 2001).

Of the vegetated sites, M-NORT had significantly greater hori-
zontal mass flux than the other sites, and M-RABB had the next
greatest amount. The remaining sites had low and relatively simi-
lar amounts of mass flux (Fig. 5). M-NORT has the most developed
‘‘streets’’ (long, unvegetated, wind-parallel stretches) of the three
mesquite sites (Gillette et al., 2006; Gillette and Pitchford, 2004;
Okin and Gillette, 2001): such long fetches would result in in-
creased aeolian flux with distance through the ‘‘Owen Effect’’ in
an area already meeting the requirements of an aeolian ‘‘hot spot’’
(Gillette, 1999). On the other hand, M-WELL, the mesquite site
with little development of streets, had similar mass fluxes to some



Table 4
Results from the Tukey–Kramer post hoc means comparison for (A) mass flux and (B) mass flux of particles smaller than 50 lm. All of the averages reported in the table have been
back-transformed from the log-transformation required for the ANOVA. Samples with means that cannot be distinguished statistically are joined with the same letter. The sites
are reported in the same order for both tables. The results for sites P-TOBO and T-WEST are bolded because they always are grouped together. The results for sites M-NORT and
SCRAPE are italicized because they tend to group together. The other sites are generally intermediate to these two groups.

5 cm 10 cm 20 cm 50 cm 100 cm
Mean Mean Mean Mean Mean

(A) Mass flux
C-CALI 9.51 B 6.00 C D 1.84 C D 0.596 C 0.441 D
C-GRAV 12.1 B 8.65 C D 2.44 C D 0.723 C 0.570 D
C-SAND 11.1 B 6.80 C D 2.24 C D 0.839 C 0.705 D
G-BASN 30.9 B 17.2 C D 5.07 C D 1.32 C 1.57 C
G-IBPE 30.3 B 15.7 C D 4.23 C D 1.05 C 0.764 D
G-SUMM 5.45 B 3.90 D 0.967 D 0.564 C 0.482 D
T-EAST 9.46 B 7.27 C D 0.995 C D 0.359 C 0.452 D
T-TAYL 37.2 B 31.0 B C 4.36 C D 0.613 C 0.627 D
T-WEST 7.46 B 5.08 C D 1.12 C D 0.604 C 0.638 D
P-TOBO 29.8 B 17.8 C D 5.76 C 1.20 C 0.796 C D
M-NORT 269.1 A 146.6 A B 53.6 B 10.4 B 2.84 B
SCRAPE 1054.4 A 661.8 A 267.6 A 33.9 A 5.42 A

(B) Mass flux of particles smaller than 50 lm
C-CALI 1.20 D E 0.740 C D 0.284 C 0.122 D E 0.117 F
C-GRAV 1.31 D E 1.38 B C D 0.312 C 0.108 D E 0.158 E F
C-SAND 0.706 E 0.726 C D 0.257 C 0.166 D E 0.171 E F
G-BASN 1.38 C D E 0.942 B C D 0.564 B C 0.248 C D 0.453 B C
G-IBPE 1.49 D E 1.03 B C D 0.258 C 0.170 D E 0.222 D E
G-SUMM 0.555 E 0.392 D 0.178 C 0.092 E 0.133 E F
T-EAST 1.46 C D E 1.28 B C D 0.240 C 0.107 D E 0.157 E F
T-TAYL 6.01 A B C D 4.61 A B C 0.550 B C 0.118 D E 0.184 D E F
T-WEST 3.10 B C D E 2.02 B C D 0.510 B C 0.210 C D 0.236 C D E
P-TOBO 13.70 A B 8.02 A B 2.21 B 0.402 C 0.362 B C D
M-NORT 8.05 A B C 4.19 A B C 1.57 B 0.813 B 0.559 B
SCRAPE 43.32 A 27.71 A 13.28 A 2.64 A 1.02 A
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of the other vegetated sites, such as G-IBPE and P-TOBO (Fig. 5).
This shows that even within sites dominated by the same types
of vegetation, the specific orientation of the vegetation and bare
soil areas relative to the prevailing wind direction influences aeo-
lian emission flux; thus, knowledge of vegetation type alone may
be insufficient to predict aeolian emissions in some environments.
Horizontal mass flux at the devegetated site was approximately
triple that of the mesquite site with the largest intershrub dis-
tances (although the particle size distributions of the material were
similar at both sites). This suggests that although the transported
particles have similar size distributions, the mesquite dunes at
the Jornada LTER provide some protection from wind erosion, al-
beit less than other vegetation types provide (Li et al., 2007).

The devegetated site and M-NORT (the site with well-developed
mesquite streets) had the lowest percentages of dust-sized parti-
cles, as a fraction of total aeolian material, of all the sites. However,
the devegetated site had the greatest mass flux of dust-sized parti-
cles at all heights, and M-NORT was among the sites with the high-
est dust mass flux of all vegetated sites (Fig. 6), due to the much
greater total aeolian mass flux from these sites. The playa site (P-
TOBO) had aeolian dust mass flux similar to M-NORT, while the
tarbush sites had lower fluxes than P-TOBO and M-NORT, but still
higher dust fluxes than the other sites (Fig. 6). These sites demon-
strate two different mechanisms of dust production in the Chi-
huahuan Desert. The playa site is a relatively major dust
producer due to its high overall proportion of fine particles,
whereas M-NORT (and the devegetated site as well) is a major dust
producer because of its far greater overall aeolian mass flux. The
tarbush site T-WEST had the greatest overall proportion of dust
particles emitted, but lower horizontal aeolian mass flux than the
playa site, thus decreasing its rank in the system. Tarbush sites
T-TAYL and T-EAST represent an intermediate condition, with low-
er percentages of dust-sized particles but greater mass fluxes than
T-WEST, giving the tarbush sites similar amounts of dust-sized
mass flux. Accounting for the differential mass flux of aeolian
particles produced by each vegetation type, the total mass of dust
per unit area produced by each vegetation type at the Jornada
Basin LTER is greatest at the anthropogenically-disturbed SCRAPE
site, the P-TOBO playa site, the M-NORT mesquite site with
‘‘streets,’’ and the tarbush sites, while creosote bush, grassland,
and the other two mesquite sites produce the least dust.

4.3. Effects of land cover on dust emission in the Jornada Basin

Playas have long been noted as sources for dust emission (Gill,
1996; Prospero et al., 2002; Engelstaedter et al., 2003; Bullard
et al., 2008), and in the CD, playas and anthropogenically-disturbed
lands are the predominant overall initiation points of dust
‘‘plumes’’ visible on satellite images (Gill et al., 2009; Rivera Rivera
et al., 2010). Playa surfaces will have low threshold friction veloc-
ities and aerodynamic roughness lengths, increasing their wind
erodibility (Gillette, 1999). Playa edges often comprise contact
areas between saltating sandy sediments and finer lacustrine sed-
iments (Bullard et al., 2008), providing ideal foci and initiation sites
for dust production via saltation/sandblasting (Gillette and Chen,
2001; Rivera Rivera et al., 2010). However, during the most intense
and regionally widespread dust storms, when wind strengths
would be sufficient to initiate erosion across multiple land surface
types and penetrate unvegetated gaps in shrublands (Okin et al.,
2006), almost as many (Lee et al., 2009) or the majority of (Rivera
Rivera et al., 2010) dust plumes in the region emanate from shrub-
lands (which would include the wind-aligned ‘‘streets’’) as from
playas.

The results of those remote-sensing-based studies and this
field-based monitoring at Jornada illustrate how different land-
forms and land cover classes can contribute in different ways to re-
gional dust loading. While playas and anthropogenically-disturbed
lands in the northern CD are the most easily eroded and most in-
tense producers of dust per unit land area, shrublands, especially
those dominated by mesquite and tarbush, may produce more dust



Fig. 6. Percent of dust-sized (650 lm) sediment horizontal mass flux by height for
all sites. The devegetated SCRAPE site had the greatest amount of dust-sized mass
flux, about 3�more than the next largest producer, P-TOBO. M-NORT and the three
tarbush sites produced less dust-sized mass flux than P-TOBO, but more than the
other vegetated sites.
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overall due to their larger spatial coverage coupled with their po-
tential for high total aeolian mass flux. Within the Jornada Basin it-
self, since mesquite presently covers �60% of the land area
(Gibbens et al., 2005), mesquite-dominated shrublands have the
potential to produce the most dust, while playas and tarbush-dom-
inated alluvial flats (which cover about 8%) have the potential to
produce large amounts of dust if the conditions are correct. This
is in line with the suggestions of Reheis and Kihl (1995), who sug-
gested that alluvial sources ultimately produce a greater volume of
dust than playas in the southwest Great Basin and Mojave Desert
due to their greater areal extent. Continued expansion of mesquite
in the Jornada Basin (and elsewhere in the Chihuahuan Desert)
would therefore be expected to lead to increased dust production.
5. Summary and Conclusions

Analysis of aeolian samples collected in the field in different
vegetation communities of the Jornada Basin has shed light on
the impacts of land cover on dust emission and potential changes
in intensity of aeolian processes with vegetation change. Aeolian
mass fluxes measured in the field in the Jornada Basin are in broad
agreement with remote-sensing-based analyses of dust events
across the Chihuahuan Desert, indicating that playas and bare soil
areas (whether formed through anthropogenic disturbance or the
natural development of ‘‘mesquite streets’’) provide the least resis-
tance to aeolian erosion and are the focal points of dust emission in
the region, although the contribution of shrublands cannot be ig-
nored due to their spatial extent and potential for high overall aeo-
lian mass flux. Differing aeolian fluxes within different mesquite
dune sites illustrate that within certain vegetation communities,
the specific orientation of vegetation and bare soil areas relative
to the prevailing wind direction influences aeolian emission flux.

The total mass of dust emitted per unit area in the Jornada Basin
is greatest at the anthropogenically-disturbed SCRAPE site, the P-
TOBO playa site, the M-NORT mesquite site with ‘‘streets,’’ and
the tarbush sites, while creosote bush, grassland, and the other
two mesquite sites produce lesser amounts of dust. The vegetation
communities of the Jornada Basin illustrate two different mecha-
nisms of dust production in drylands. At some sites, such as playas,
dust production is driven by high overall proportion of fine parti-
cles emitted, while at other sites, such as mesquite dunes with
‘‘streets,’’ dust production is driven by high overall aeolian mass
flux. As mesquite shrublands continue to expand in the Jornada
Basin at the expense of grasslands, dust production and total
aeolian sediment flux should increase.

This study has also suggested that effects of soil texture on dust
particle size, the intrasite variation of dust particle size, and the
increasing height of transition from saltation to suspension with
increasing mass flux and saltation intensity, as derived from
laboratory studies, are confirmed in the field.
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