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act could have important implications
not only for maintaining agricultural
productivity but also for maintaining ecosystem health and for adapting to projected
impacts of climate change (Pimentel et al.
1995; MEA 2005). For example, at regional
scales wind-driven dust emissions from
drylands can suppress surface precipitation
via effects on atmospheric radiative forcing and condensation nuclei (Rosenfeld et
al. 2001) and can reduce the duration of
mountain snow cover via effects on albedo
(Painter et al. 2007)—both of which can
have profound impacts on water resources
for many dryland regions. In addition,
the transport and deposition of dust from
regional source areas, such as the Sahara
in North Africa, can have important global
ecological implications for terrestrial and
aquatic productivity through the addition
of essential elements (e.g., nitrogen, phosphorous) to nutrient-poor environments
such as intercoastal waters and highly
weathered tropical soils (Goudie and Middleton 2006).
Wind- and water-driven sediment transport can occur at the same location over
similar time scales in response to unique
weather and extreme climate events, and
both can contribute substantially to overall erosion, as inferred indirectly from soil
pedology (Sweet 1999), experimental field
measurements (Breshears et al. 2003), and
erosion modeling (Oldeman et al. 1990;
Trimble and Crosson 2000). Unfortunately,
wind and water erosion are almost always
studied independently, and rates of aeolian
and fluvial sediment transport have rarely
been measured directly at the same location and over the same time scale (Field
et al. 2009). Such direct comparisons of
wind and water erosion have generally
been precluded by challenges associated
with spatial differences in that flux footprints of aeolian and fluvial processes are
dynamic and unlikely to be coherent at
any given point in time. However, sediment transport can be directly compared
between aeolian and fluvial drivers by
measuring the mass of material passing
through a unit length that is perpendicu-

lar to the erosional force vector (Breshears
et al. 2003). Sediment transport refers to
the horizontal movement of soil particles
across the land surface by either wind
or water and differs from erosion in that
there is no defined control area for which
to evaluate sediment loss per unit area.
Horizontal wind-driven sediment transport is not equivalent to wind erosion
(i.e., vertical dust flux), but it is related to
it (Gillette 1977; Shao et al. 1996; Gillette
et al. 1997; Alfaro and Gomes 2001); the
specific nature of this relationship, however, varies substantially in magnitude, and
has only been evaluated for a few specific
conditions. Horizontal aeolian sediment
transport measured this way—as the mass
of material passing through a unit length
that is perpendicular to the erosional force
vector—could in some cases be reflective of deposition rather than erosion, but
height-dependent measurements indicate
a profile consistent with the occurrence of
erosion (i.e., upward vertical flux) rather
than deposition in the vast majority of
drylands (Gillette et al. 1997; Breshears et
al. 2009). Similarly, water-driven sediment
transport is related to rates of water erosion (e.g., Moss and Walker 1978), with
the relationship being quite variable and
uncertain. Notably, however, simultaneous, colocated measurements of aeolian
and fluvial sediment transport remain
largely lacking.
Traditional soil management focuses
primarily on erosion (Toy et al. 2002),
but we suggest that transport may also be
important to consider not only because
it is related to erosion but also because it
provides important information on the
dynamics of the soil surface and its associated resources. The ratio of wind-driven
sediment transport to that of water (windto-water transport ratio) can be viewed as
a basic site characteristic relevant to soil
conservation that has not generally been
explicitly considered, largely because it is
uncertain and measurements are lacking.
Based on the few available studies that
have measured both wind- and waterdriven sediment transport (e.g., Breshears
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ind and water are fundamental
drivers of land surface dynamics
through their net effects on sediment transport and associated soil erosion.
In arid and semiarid environments, where
vegetation cover is usually sparse, windand water-driven sediment transport can
potentially occur over similar spatial and
temporal scales and both can contribute
substantially to total erosion (Oldeman et
al. 1990; Breshears et al. 2003; Field et al.
2009). Sediment transport and associated
soil erosion remains a serious and persistent environmental problem worldwide
because of its potential adverse impacts on
soil productivity, air and water quality, and
ecosystem health (Trimble and Crosson
2000; MEA 2005). Notably, roughly twothirds of the world’s arable land is affected
by moderate to severe soil degradation
(Pimentel et al. 1995), most of which is
attributed to wind and water erosional
processes (Oldeman et al. 1990).The combined impact of wind and water erosion
on agricultural land translates directly
into considerable financial costs (Pimentel et al. 1995), and their effects permeate
across all major types of ecosystem goods
and services (MEA 2005). Further, synergistic relationships between wind- and
water-driven sediment transport could be
particularly important in dryland ecosystems because both processes can operate
on the soil surface to redistribute sediment and other ecological resources, such
as nutrients, seeds, and water (Aguiar and
Sala 1999; Field et al. 2011). The degree
to which wind and water processes inter-
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Figure 1
Hypothesized influences of site characteristics and physical controls on the wind-towater transport ratio developed using the limited available data (Breshears et al. 2003;
Field et al. 2011).

velutina). Each of the study plots were
instrumented with a series of Big Spring
Number Eight (BSNE) samplers at five
heights aboveground (0.08, 0.17, 0.25,
0.50, and 1.0 m [3.0, 6.5, 10, 20, and 39
in]) and a pair of sediment check dams (3
m [10 ft] wide perpendicular to slope) to
estimate wind- and water-driven sediment
transport at the hillslope scale, respectively.
Sediment was collected every 7 to 14 days.
Cumulative horizontal sediment flux was
calculated by integrating flux measurements from 0 to 1 m (0 to 39 in) above
the soil surface using an exponential relationship with height (Gillette et al. 1997).
The first year of this study (July 2005 to
June 2006) included the unusual conditions of a 25-year precipitation event in
August followed directly by the driest 9month (September to May) period on the
more than 100-year instrumental record,
whereas the second year (July 2006 to
June 2007) served as a representative baseline year with relatively normal conditions
(e.g., mean annual precipitation within 1%
of 1971 to 2000 mean).
The two one-year intervals in this
study included a “baseline” year, for
which annual precipitation was near nor-

mal (350 mm [13.8 in]), and a year with
wet-dry extremes. The year with wet-dry
extremes served as an opportunistic analog for a “global-change-type” year of
extreme events, for which annual precipitation was about 50% below normal and
included an intense 25-year precipitation
event followed directly by the driest 9month period on the more than 100-year
instrumental record. Under the globalchange-type conditions, annual rates of
water-driven sediment transport decreased
by more than 80% relative to baseline conditions (e.g., mean annual precipitation
within 1% of 1971 to 2000 mean) despite
the large 25-year precipitation event.
Surface soil moisture conditions—reflecting an integrated response to precipitation,
temperature, atmospheric humidity, and
wind speed and which have direct effects
on soil erodibility by wind (Ravi et al.
2006)—were significantly drier during
much of the global-change-type year.
Under the global-change-type conditions,
annual rates of wind-driven horizontal
sediment transport increased by 60% relative to baseline conditions. Collectively, the
results for both wind- and water-driven
sediment transport revealed that during
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et al. 2003; Field et al. 2011), we hypothesize that the wind-to-water transport
ratio could potentially vary by more than
four orders of magnitude due to variations among basic site characteristics such
as soil texture, wet-dry climate extremes,
percent slope, and wind speed (figure 1).
The importance of considering windand water-driven sediment transport as
interrelated environmental processes has
arguably been somewhat overlooked, yet
is fundamental and analogous to the way
in which the carbon-to-nitrogen ratio
in soils must be explicitly considered for
effective land management, rather than
considering carbon or nitrogen in isolation of one another. Importantly, because
projected climate changes for many drylands include increasing frequency of both
severe droughts and intense precipitation
events (IPCC 2007), and wet versus dry
conditions are expected to differentially
alter wind- and water-driven sediment
transport and associated erosion (figure 2),
considerable uncertainty remains regarding how the ratio of the two might change
under these conditions.
Here we wish to highlight the need to
consider the ratio of wind- to water-driven
sediment fluxes as a basic site characteristic
and more specifically to consider how this
ratio might change in dryland ecosystems,
many of which are projected to have more
extreme events: both severe droughts and
intense precipitation events. To consider
this issue in more detail, we draw on a
targeted subset of data from recently published measures of wind- and water-driven
sediment fluxes in a semiarid grassland in
southern Arizona (Field et al. 2011).
Wind- and water-driven sediment transport was obtained from three study plots
(50 × 50 m [165 × 165 ft]) in a relatively
undisturbed semiarid grassland on a sandy
loam upland ecological site that occupies
recently deposited Holocene alluvial fan
and fan terrace surfaces with ≤8% slopes,
sandy loam soils to about 15 cm (6 in)
depth, and 5% to 25% gravel at the surface
(McClaran et al. 2003). Herbaceous cover
was approximately 60%, with Lehmann
lovegrass (Eragrostis lehmanniana) constituting the majority (>90%) of the grass cover
and approximately 10% woody plant cover
primarily from Velvet mesquite (Prosopis

Figure 2
How do wet-dry climate extremes affect the wind-to-water transport ratio? (a) Wet
climate extremes typically increase the amount of vegetation cover and thus reduce
the amount of exposed surface soil to the erosive forces of wind and water (BSNE dust
sampler in foreground); (b) dry climate extremes, in contrast, typically decrease the
amount of protective vegetation cover and increase the potential for both wind and
water erosion and transport (sediment check dam in background).
(a)

the global-change-type year, wind-driven
sediment transport exceeded that of water
by a factor of approximately 40, representing more than an order-of-magnitude
increase over the baseline year for which
wind-driven sediment transport exceeded
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that of water by a factor of only approximately 3 (figure 3a). This jump in the
relative rates of wind-to-water sediment
transport is not necessarily intuitive given
that the study period included the large
25-year precipitation event (figure 3b).
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(b)

The unusual wet-dry conditions associated with one year of the study provide
a rare opportunity to consider how rates
of wind- and water-driven sediment
transport might vary with respect to each
other not only under baseline conditions,
but also under those that provide a rough
proxy for a global-change-type extreme
events. Note that under baseline conditions, as well as under global-change-type
conditions, measureable amounts of winddriven sediment transport occurred over
every one- to two-week sampling intervals throughout the duration of this study,
highlighting that even though aeolian
sediment transport is affected by periods
with large dust events, it is a much more
continuous process than fluvial sediment
transport. These measurements provide
more direct estimates of rates than modeled
estimates, which are usually used for multiyear assessments. Of course, we should be
cautious in over-generalizing from a single
study at a single site, and several caveats
should be considered. Under the time
span of our study, the effects of variation
in vegetation cover were minimized, but
over longer time frames spanning multiple
years with wet-dry extremes, the relative
rates of wind- and water-driven sediment
transport would likely be further altered
due to climate-induced changes in vegetation. Notably, vegetation cover during
this study, which was dominated by perennial grasses, was similar in both years and
ranged between 60% and 80% in each
year. In addition, because wind speed and
vegetation cover were relatively constant
between years, our results are likely relatively insensitive to the sequence of years
(the year with wet-dry extremes preceded
the baseline year). The ratio of wind- to
water-driven sediment transport should
vary substantially with a variety of site
conditions besides climate, such as soil texture and slope (figure 1). In our case, we
did not directly measure fluvial sediment
transport in gullies and channels, and the
soils at our site are sandy loam, both of
which likely favor aeolian over fluvial processes. The site conditions that we focused
on, however, are of general significance
given the predominance of coarse texture
soils in drylands and of uplands rather than
gully or channel locations.

53A

Figure 3
(a) Cumulative wind- and water-driven sediment transport in a semiarid grassland for a
period including a 25-year precipitation event (August) followed by the driest 9-month
period (September to May) on the more than 100-year instrumental record; (b) wind-towater transport ratio for baseline conditions and global-change-type extreme events
(reference totals indicated by arrows in [a]).
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The more than an order-of-magnitude
jump in wind-driven sediment transport
over water-driven sediment transport that
we document is reflective of local saltation
and is of concern because enhanced rates
of redistribution by aeolian processes from
intercanopy to shrub patches often play an
important role in driving desertification.
In addition, because horizontal aeolian
sediment fluxes are correlated with vertical fluxes reflecting erosion (Gillette et al.
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1997), our measurements also reveal the
potential for dust emissions to increase relative to fluvial transport under conditions
analogous to those projected to occur for
the southwestern United States and many
other drylands. This contrast among previously measured conditions provides an
initial hypothesis about how the ratio of
wind- to water-driven sediment fluxes
might respond to global-change-type
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Cumulative wind- and water-driven
sediment transport (g m-1)

(a)

extreme events projected for many drylands (figure 4).
If this hypothesis is supported, such a
change could trigger a substantial shift of
land surface–atmosphere interactions for
drylands. Further, an increase in atmospheric aerosols due to amplified dust
emissions from dryland regions has the
potential to exert widespread influence on
global climate, even though uncertainty
remains with respect to the direction
and magnitude of change (IPCC 2007).
Because wind-driven sediment transport is
generally lower in grasslands than in other
dryland ecosystems (Breshears et al. 2003;
Breshears et al. 2009), such amplifications
in dust emissions relative to water-driven
sediment production may be even greater
in other dryland ecosystems, particularly shrublands and highly degraded or
barren sites.
This issue is of particular significance
given that the southwestern United States
is projected to transition, within years to
decades, to a more arid climate comparable
to that of the 1930s Dust Bowl (Seager et
al. 2007), and many other dryland regions
worldwide are also likely to experience
increased aridity in the near future due to
reduced precipitation and increased temperatures (IPCC 2007). Dust emissions are
highly sensitive to changes in soil moisture and atmospheric humidity (Ravi et al.
2006), as well as the amount and distribution of protective vegetation cover at the
soil surface (Gillette et al. 1996). Projected
increases in drought frequency and severity
for many drylands will likely increase soil
susceptibility to wind erosion by drying
out surface soil and resulting in a reduction in the amount of protective vegetation
cover (IPCC 2007), both of which could
further amplify dust emissions and land
surface–atmosphere interactions over vast
areas worldwide. Dust emissions from dryland areas could be further amplified due
to projected increases in land-use intensity that are likely to occur in the future
as a result of increasing human demand
for ecosystem goods and services (MEA
2005). Because erosion depends on land
management as well as climate, our results
highlight the need for careful land management to avoid further amplification of
dust emissions such as those that resulted
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from post-1880 cattle grazing in the western United States (Neff et al. 2008).
More generally, wind- and waterdriven sediment transport processes are
recognized as collectively influencing land
surface dynamics (Aguiar and Sala 1999)
but have most often been studied in isolation of one another (Field et al. 2009),
or relative rates have only been inferred
from soil pedology and biogeochemistry rather than by direct measurement.
Direct measurements are particularly relevant for shorter time scales of months to
years associated with land management.
Sediment transport processes can have
important ecological and environmental
consequences and should be explicitly
considered in the context of land management with respect to their relationship
to soil erosion but more directly and per-
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Extreme events year
haps equally importantly as indicators of
soil surface dynamics. In short, we suggest
that the wind-to-water transport ratio is
a basic site characteristic relevant to soil
conservation that should be more generally considered, as well as more frequently
measured, and that it will be important
to consider how this ratio changes under
wet-dry extremes associated with contemporary climate change.
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