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a b s t r a c t
Winter wheat–summer fallow is the conventional crop rotation used on more than 1.5 million ha of
agricultural land in the low precipitation zone of the Columbia Plateau in the Paciﬁc Northwest United
States. This land is very susceptible to wind erosion during summer fallow because multiple tillage operations during fallow degrade and expose the soil to high winds. We examined possible alternatives to
conventional tillage for reducing the emission of windblown PM10 (particulate matter 610 lm in aerodynamic diameter) during summer fallow. Soil was subject to seven (conventional), ﬁve (reduced), three
(delayed-minimum), and zero (no) tillage operations between harvest in July 2004 and sowing in August
2005. Sediment catch and PM10 concentration and wind speed proﬁles were measured after each tillage
operation and sowing under simulated high winds (using a portable wind tunnel) to estimate horizontal
sediment and PM10 ﬂux. Horizontal sediment and PM10 ﬂux generally decreased with a decrease in
number or intensity of tillage operations. No tillage resulted in the lowest sediment and PM10 ﬂux after
most tillage operations; no tillage, however, is not yet an economically viable management option for the
region. Sediment and PM10 ﬂux were typically lower for reduced and delayed-minimum tillage than for
conventional tillage. Our study suggests that PM10 ﬂux can be reduced from agricultural soils during the
summer fallow phase of a wheat–fallow rotation by using reduced or delayed-minimum tillage practices.
The reduction in PM10 ﬂux from soils will improve air quality during high winds in the region.
Published by Elsevier B.V.

1. Introduction
Air quality within the Columbia Plateau region of the Paciﬁc
Northwest United States is impacted by the emission of ﬁne particulates or dust from agricultural lands during high wind events. In
fact, windblown dust emanating from agricultural lands has been
the cause of vehicular accidents due to poor visibility (Graman,
2009; Hudson and Cary, 1999) and exceedance of the US Environmental Protection Agency ambient air quality standard for PM10
(particulate matter 610 lm in aerodynamic diameter) in the
region (Sharratt and Lauer, 2006). Although PM10 is regulated to
protect human health, the loss of soil particulates during high wind
events is also of concern for the sustainability of the soil resource
for the production of agricultural crops. The ﬁner soil fraction suspended and transported in the atmosphere by high winds (e.g.
<100 lm in diameter) is generally enriched with organic matter
and nutrients and thus represents the most fertile part of the soil
resource (Zhang et al., 2003).
Winter wheat–summer fallow is the conventional crop rotation
used on more than 1.5 million ha of land in the low precipitation
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zone (annual precipitation <300 mm) of the Columbia Plateau.
Conventional summer fallow typically includes cultivating the soil
with sweeps, disks, or cultivators after wheat harvest in midsummer and again the following spring and then rodweeding the
soil to control weeds prior to sowing winter wheat in late summer
(Schillinger, 2001). Summer fallow is vital to the stability of wheat
production and farm proﬁtability as compared to alternative management systems such as no-tillage annual cropping systems
(Schillinger and Young, 2004). Enhanced stability in production is
achieved by the successful establishment of winter wheat sown
into moist soil in late summer (Schillinger et al., 2006). A moist soil
layer at the depth of sowing (about 0.1 m) is made possible by
maximizing the storage of precipitation during the preceding
winter and then suppressing soil evaporation as precipitation
diminishes from spring into late summer. Soil evaporation is suppressed by breaking capillary continuity in the upper soil proﬁle
via tillage (Schillinger and Papendick, 1997). Although conventional tillage practices are very effective in conserving soil water
during the fallow phase of the rotation, soils are very susceptible
to erosion during summer fallow because multiple tillage operations degrade soil aggregates and bury crop residue.
Few studies have measured the windblown loss of top soil or
ﬂux of dust or PM10 from agricultural lands managed under
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contrasting tillage systems. Gillette et al. (1972) measured windblown ﬁne particulate (66 lm in aerodynamic diameter) emissions from an eroding agricultural ﬁeld in Nebraska, but
contrasting experimental treatments (i.e. tillage) were not imposed
upon the ﬁeld. Sharratt and Feng (2009) compared soil loss and
PM10 ﬂux from adjacent ﬁelds, managed using conventional tillage
(spring disk followed by rodweeding) and undercutter tillage
(spring undercut followed by rodweeding) during the summer fallow phase of a wheat–fallow rotation, over a series of high wind
events in the Columbia Plateau. They found undercutter tillage
reduced soil loss and PM10 emissions by 15–75% across the high
wind events as compared to conventional tillage. Although Merrill
et al. (1999) did not measure the emission of windblown dust, they
did ascertain by simulation that undercutter tillage has the potential to reduce dust emissions in the Northern Great Plains of the
United States. Zobeck et al. (1989) found greater windblown soil
emissions from a tilled ﬁeld than from an abandoned ﬁeld or
burned/unburned rangeland in the Southern High Plains of the
United States, but their study lacked the rigor to compare emissions from contrasting tillage systems.
Developing strategies to mitigate wind erosion and PM10 emissions is imperative to conserving the soil resource and improving
air quality within the Columbia Plateau. Recognizing that tillage
is vital for maintaining a soil layer (or soil mulch) that suppresses
soil evaporation during the fallow phase of a wheat–fallow
rotation, we examine possible alternatives to conventional tillage
for minimizing the emission of windblown PM10 during summer
fallow within the Columbia Plateau.
2. Materials and methods
This study was conducted at the Washington State University
Dryland Research Station near Lind, Washington (47°000 N,
118°340 W; elevation 515 m). Lind is a small agricultural community (population 500) that is surrounded by land predominately
in a winter wheat–summer fallow rotation. The Station receives
240 mm of annual precipitation and the soil at the study site was
derived from loess, classiﬁed according to the United States
Department of Agriculture National Cooperative Soil Survey as a
Ritzville silt loam (coarse-silty, mixed, mesic Andic Aridic
Haplustoll), and had a measured composition of 13% clay, 60% silt,
and 27% sand with a mean particle diameter of 24 lm.

2.1. Tillage treatments
The study site at the Dryland Research Station was in a non-irrigated winter wheat–summer fallow rotation when the fallow
phase of the rotation began after harvest of wheat in July 2004.
The experimental design was a randomized complete block with
four replications. Tillage treatments imposed during summer fallow included: (1) conventional tillage: Plots were cultivated to a
depth of 0.1 m using overlapping 0.36-m wide V-blades in August
2004, chiseled to a depth of 0.3 m in October 2004, cultivated twice
to a depth of 0.1 m using overlapping 0.2-m wide V-blades in May
2005, and rodweeded to a depth of 0.1 m in June, July, and August
2005; (2) reduced tillage: Plots were undercut to a depth of 0.1 m
using overlapping 0.8-m wide V-blades in August 2004 and May
2005 and then rodweeded to a depth of 0.1 m in June, July, and
August 2005; (3) delayed-minimum tillage: Plots were undercut to
a depth of 0.1 m using overlapping 0.8-m wide V-blades in May
2005 and then rodweeded to a depth of 0.1 m in July and August
2005; and (4) no tillage: Plots remained undisturbed throughout
the fallow period. Tillage operations occurring in the same month
across treatments were performed on the same day of the month.
Conventional tillage and delayed-minimum tillage, as described

above, are practices used by many growers in the region
(Schillinger et al., 2006).
Individual plots were either 9 or 18 m wide (depending on the
width of tillage equipment) and 30 m long. Plots were sown to
winter wheat with a deep furrow drill on 31 August 2005. Seed
rows were spaced 0.4 m apart and oriented north-south.
2.2. Sediment and dust ﬂux
Horizontal sediment and dust ﬂux were typically assessed one
day after tilling, rodweeding, and sowing plots using a portable
wind tunnel. The portable wind tunnel is 13.4 m long and has a
working section 7.3 m long, 1.2 m high, and 1.0 m wide. Winds
are generated by a 1.4-m diameter fan and then conditioned by a
diffuser and honeycomb-screen prior to passing through a nonuniform grid assembly to initiate the development of shear ﬂow
upon entry into the working section. Further details about the
wind tunnel design and aerodynamic characteristics can be found
in Pietersma et al. (1996) and Sharratt (2007). The wind tunnel
required partial dismantling to facilitate moving between plots;
the time required to set up the wind tunnel, measure emissions
and soil characteristics, and partially dismantle the tunnel in each
plot was about two hours. Soil characteristics measured during the
course of this experiment are the subject of a forthcoming paper
that describes the soil properties as inﬂuenced by tillage intensity.
For the purpose of this paper, soil crust thickness was measured
with a ruler or caliper. Crop residue cover was estimated by placing
vertical rods (6 mm) equidistant along the soil surface and determining the percentage of pins that overly residue (versus mineral
soil). Above-ground biomass was assessed by collecting, drying,
and weighing crop residue from 0.25 m2 areas within each plot.
Sediment catch and PM10 concentration were measured 5.4 m
downwind of the leading edge of the wind tunnel working section.
Horizontal sediment catch to a height of 0.75 m, resulting from saltation and suspension, was measured using a modiﬁed Bagnold
type slot sampler (Stetler et al., 1997). The width of the slot sampler was adjustable for achieving isokinetic conditions across the
face of the sampler over a range of wind velocities. The slot sampler was calibrated in the wind tunnel prior to the ﬁeld experiment
to ensure isokinetic conditions at a free stream velocity of
16 m s1. We chose to assess horizontal sediment and PM10 ﬂux
at this free stream velocity based upon a recurrence of at least once
every two years for the region (Wantz and Sinclair, 1981). Horizontal sediment ﬂux is the amount of entrainment sediment moving
through a vertical plane over a period of time and is expressed as
the ratio of sediment mass collected by the slot sampler to the
sampling period (10 min as described below) and width of the
sampler (0.003 m). PM10 concentration was optically measured
at a frequency of 1 Hz using DustTrak aerosol monitors (TSI, St.
Paul, MN) with monitor inlets mounted at heights of 0.05, 0.1,
0.2, and 0.3 m above the soil surface. Monitors were factory calibrated prior to this experiment and inlets were constructed of
stainless steel tubing and attached to the monitors using tygon
tubing. The diameter of the stainless steel tubing and monitor ﬂow
rate were adjusted to achieve a known face velocity across the inlet. A single face velocity was used to achieve isokinetic conditions
at 0.2 m height within the boundary layer. Aerosol monitors at
greater heights in the boundary layer would under sample PM10
while monitors at lower heights would over sample PM10. No
adjustments were made to PM10 concentrations despite these differences in sampling efﬁciency with height. Background PM10 concentration was also measured at the leading edge of the tunnel
working section.
Following deployment of the wind tunnel (parallel to stubble
rows of no tillage plots and seed rows after sowing plots to winter
wheat), sediment catch and PM10 concentrations were measured
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over two separate, but consecutive, 10 min sampling periods in
each plot. The ﬁrst sampling period typiﬁed ﬁeld conditions with
limited saltation (no abrader was added to the air stream) while
the second period typiﬁed ﬁeld conditions with copious saltation.
During the second sampling period, abrader (quartz sand 250500 lm in diameter) was introduced into the air steam at the leading edge of the tunnel working section at a rate of about
0.5 g m1 s1; this rate typiﬁes the ﬂux of soil during high winds
across the Columbia Plateau.
Horizontal PM10 ﬂux from the working section of the wind
tunnel was calculated as:

PM10flux ¼

Z

zb

Cudz

ð1Þ

0

where PM10ﬂux is horizontal ﬂux of PM10 expressed in units of
g m2 s1, zb is height at which PM10 concentrations reached background concentrations (m), C is PM10 concentration above
background concentration (mg m3), and u is wind speed at height
z (m s1). Wind speed was measured at a frequency of 1 Hz using
pitot tubes mounted at heights corresponding to aerosol monitor
inlets. The use of pitot tubes necessitated measuring air temperature, relative humidity, and atmospheric pressure at a height of
2 m near the tunnel entrance to compute wind speed. Eq. (1) was
evaluated by plotting PM10 ﬂux (the product of C and u) as a function of height. Horizontal PM10 ﬂux was determined by integrating
this function from the soil surface to the height at which PM10
concentrations reached background concentration. Sampling height
was plotted as a function of PM10 concentration and ﬁt with an
exponential equation to determine the height at which proﬁle concentrations attained background concentration.
2.3. Statistics
Horizontal sediment and PM10 ﬂux from tillage treatments
were analyzed for differences using Analysis of Variance. In the
event that signiﬁcant F-values (P 6 0.1) were found, differences
among treatment means were separated using Least Signiﬁcant
Difference (LSD).
3. Results and discussion
Our intention was to assess horizontal sediment and PM10 ﬂux
immediately after tillage operations in August 2004 and May 2005
and rodweeding and sowing operations in 2005 using the portable
wind tunnel. Unfortunately, intermittent precipitation events and
high winds delayed ascertaining horizontal sediment and PM10
ﬂux from tillage treatments for 24 days after tillage in May 2005
(tillage occurred on 2 May). Precipitation occurred on 12 days
(totaling 24 mm) while sustained winds (hourly mean wind velocities) in excess of 6.5 m s1, sufﬁcient to cause erosion (Sharratt
et al., 2007), occurred on three additional days prior to assessing
sediment and PM10 ﬂux on 26 May 2005. Intermittent precipitation events and high winds also precluded ascertaining sediment
and PM10 ﬂux from tillage treatments after the June 2005 rodweeding operation. Precipitation (totaling 15 mm) occurred on six days
while sustained winds in excess 6.5 m s1 occurred on 10 additional days between the 13 June and 11 July rodweeding operations. Herbicide application prevented measuring sediment ﬂux
and PM10 concentrations from no tillage treatments after the 11
July 2005 rodweeding operation.
3.1. Sediment ﬂux
An increase in dustiness of the tillage treatments with time is
apparent in the trend of horizontal sediment ﬂux across measure-

ment dates (Table 1). Averaged across the conventional, reduced,
and delayed-minimum tillage treatments, sediment ﬂux (in the absence of abrader) increased by 105% between August 2004 and
May 2005, 385% between May and July 2005, 25% between July
and August 2005, and 55% between the August and September
2005. The 105% increase in horizontal sediment ﬂux between the
August 2004 and May 2005 measurement dates was smaller than
we expected because sediment ﬂux was believed to dramatically
increase as a result of disturbing the soil surface by invasive tillage
using narrow sweeps and chisels (conventional tillage) or wide
sweeps (reduced and delayed-minimum tillage) in November
2004 and/or May 2005. However, a total of 24 mm of rain following
tillage on 2 May 2005 resulted in the formation of a soil crust that
suppressed sediment ﬂux from tillage treatments on 26 May 2005.
Similarly, the 385% increase in horizontal sediment ﬂux between
the May and July 2005 measurement dates was larger than we
expected because sediment ﬂux was believed to be little affected
by rodweeding. The only disturbance to the soil occurring between
these dates resulted from rodweeding on 13 June and 11 July. In
fact, rodweeding in August 2005 resulted in only a 25% increase
in sediment ﬂux over the previous measurement date averaged
across the conventional, reduced, and delayed-minimum tillage
treatments. The large increase in sediment ﬂux between the May
and July 2005 measurement dates possibly resulted from breakage
of the soil crust that formed after tillage in May 2005 (as a result of
24 mm of precipitation) and/or after rodweeding conventional and
reduced tillage plots in June 2005 (as a result of 15 mm of
precipitation).
Although an apparent increase in horizontal sediment ﬂux with
time was also observed for the conventional, reduced, and delayedminimum tillage treatments under conditions of copious saltation
(Table 1, with abrader), the largest increase in sediment ﬂux occurred between the August 2004 and May 2005 measurement
dates. Averaged across these tillage treatments, horizontal sediment ﬂux after tillage in May 2005 was 670% higher than after tillage in August 2004. The increase in horizontal sediment ﬂux after
subsequent rodweeding or sowing operations in 2005 was about
50%. The large increase in sediment ﬂux between the August
2004 and May 2005 measurement dates was contrary to our
expectation that sediment ﬂux would be suppressed, even under
conditions of copious saltation, by the presence of a soil crust in
May 2005. A soil crust with a thickness of about 10 mm was pres-

Table 1
Horizontal sediment ﬂux from tillage treatments measured with a wind tunnel during
the summer fallow period of a winter wheat–summer fallow rotation near Lind, WA.
Date of
measurementa

Sediment ﬂux (g m1 min1)b
Without abrader
Convc

16 August 2004
26 May 2005
12 July 2005
10 August 2005
8 September
2005

d

20a
23a
150a
210a
312a

With abrader

Red

Min

No

Conv

Red

Min

No

10ab
26a
103ab
130b
149b

9b
22a
88b
93bc
181b

8b
4b
ND
38c
25c

24a
127a
145a
275a
188a

7b
55b
93b
101b
169a

5b
50bc
84b
83bc
147a

9b
17c
ND
14c
23b

ND indicates no data.
a
Measurements taken after primary tillage (16 August 2004 and 26 May 2005),
rodweeding (12 July and 10 August 2005), and sowing (8 September 2005)
operations.
b
Sediment ﬂux measured over two consecutive 10 min sampling periods; the
ﬁrst period without abrader and the second period with abrader added to the air
stream.
c
Conv is conventional, Red is reduced, Min is delayed-minimum, and No is no
tillage.
d
No abrader or abrader means followed by the same letter on same date are not
signiﬁcantly different at P = 0.10.
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ent in the conventional, reduced, and delayed-minimum tillage
treatments at the time of measurement on 26 May 2005. The largest increase in sediment ﬂux was expected to occur between the
May and July 2005 measurement dates due to the absence of a soil
crust on the latter measurement date.
Horizontal sediment ﬂux after tillage in August 2004 was higher
for conventional tillage than for delayed-minimum and no tillage
(Table 1). No differences in sediment ﬂux were observed among reduced, delayed-minimum, and no tillage despite reduced tillage
being undercut by 0.8-m wide sweeps whereas delayed-minimum
and no tillage remained undisturbed in August 2004. The undercutter implement does not invert the soil and thus promotes retention of crop residue on the soil surface (Sharratt and Feng, 2009).
After tillage in May 2005, horizontal sediment ﬂux was lower from
no tillage than other tillage treatments while sediment ﬂux was
the same among conventional, reduced, and delayed-minimum
tillage treatments. The similarity in sediment ﬂux among these
three tillage treatments was due to a 10-mm thick crust that had
formed on the soil surface of these treatments in response to
24 mm of rain that occurred between the time of tillage (2 May
2005) and our measurements (26 May 2005). Under conditions
of copious saltation, however, sediment ﬂux in May 2005 was
higher for conventional tillage than for reduced and delayed-minimum tillage. The higher sediment ﬂux observed for conventional
tillage suggests that the crusted soil of conventional tillage was
either less protected from saltating particles or less resistant to
breakage or degradation by saltating particles. Less protection
was afforded the crusted soil in conventional tillage because crop
residue cover was 5% for conventional tillage, 10% for reduced
and delayed-minimum tillage, and 45% for no tillage. In addition,
total above-ground biomass was about 50 g m2 for conventional
tillage, 150 g m2 for reduced and delayed-minimum tillage, and
350 g m2 for no tillage in May 2005. Horizontal sediment ﬂux
after rodweeding in August 2005 and sowing in September 2005
tended to be higher for conventional tillage and lower for no tillage
under condition of limited and copious saltation. In addition, no
differences in sediment ﬂux were evident between reduced and
delayed-minimum tillage despite reduced tillage being subject to
two additional tillage operations (undercut in August 2004 and
rodweeded in June 2005) than delayed-minimum tillage. The lack
of difference in sediment ﬂux between reduced and delayed-minimum tillage after sowing in September 2005 is likely due to similarities in surface characteristics of tillage treatments. Crop
residue cover and above-ground biomass, for example, were
respectively about 10% and 50 g m2 for both tillage treatments.

Table 2
Horizontal PM10 ﬂux from tillage treatments measured with a wind tunnel after
tillage, rodweeding, and sowing operations during the summer fallow period of a
winter wheat–summer fallow rotation near Lind, WA.
Date of
measurementa

PM10 ﬂux (g m1 min1)b
Without abrader

16 August
2004
26 May 2005
12 July 2005
10 August
2005
8 September
2005

With abrader

Convc

Red

Min

No

Conv

Red

Min

No

2.2ad

1.2b

0.8b

0.7b

2.2a

1.1b

1.0b

1.6ab

0.2a
1.7a
3.3a

0.2a
0.7b
2.0b

0.2a
0.9ab
1.2bc

0.1b
ND
0.4c

0.7a
1.4a
1.9a

0.6ab
0.5b
1.4ab

0.5ab
0.8b
0.9ab

0.3b
ND
0.2b

3.7a

2.0b

1.4bc

0.2c

1.9a

1.5a

1.3a

0.3b

ND indicates no data.
a
Measurements taken after primary tillage (16 August 2004 and 26 May 2005),
rodweeding (12 July and 10 August 2005), and sowing (8 September 2005)
operations.
b
PM10 ﬂux measured over two consecutive 10 min sampling intervals, the ﬁrst
interval without abrader and the second interval with abrader added to the air
stream.
c
Conv is conventional, Red is reduced, Min is delayed-minimum, and No is no
tillage.
d
No abrader or abrader means followed by the same letter on same date are not
signiﬁcantly different at P = 0.10.

3.2. PM10 ﬂux
Differences in horizontal sediment ﬂux among tillage treatments after tillage, rodweeding, and sowing operations strongly
suggested that horizontal PM10 ﬂux also varied among tillage
treatments since sediment and PM10 ﬂux are related for soils of
the Columbia Plateau (Saxton et al., 2000). Indeed, differences in
horizontal PM10 ﬂux were found among tillage treatments
(Table 2) and originated from differences in PM10 concentration
(see Eq. (1)). The time series in PM10 concentration observed at
various heights in the wind tunnel during subsequent 10 min
sampling periods appeared quite different among tillage treatments. This is exempliﬁed for PM10 concentrations measured during periods of limited and copious saltation in the wind tunnel
after rodweeding in August 2005 (Fig. 1). PM10 concentrations
measured under limited saltation increased almost instantaneously and then rapidly decreased during the sampling period.
The magnitude of rise in PM10 concentration at the beginning of
the sampling period diminished with height. Relatively little
change in PM10 concentration at any height was noticed in the

Fig. 1. Time series in PM10 concentration at 0.05, 0.1, 0.2, and 0.3 m above the soil
surface (upper trend line is 0.05 m height and lower trend line is 0.3 m height) in
conventional, reduced, delayed-minimum, and no tillage. PM10 trend lines represent one replication of tillage treatments taken in August 2005 over subsequent
10 min periods without and with abrader introduced in a wind tunnel.

no tillage treatment. PM10 concentrations measured under copious saltation remained nearly constant for the duration of the sam-
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pling period. PM10 concentrations were higher, particularly nearer
the soil surface, for conventional tillage and lower for no tillage.
PM10 concentration proﬁles over the duration of the sampling
period differed among the tillage treatments; this is exempliﬁed
for PM10 proﬁles measured after rodweeding in August 2005
(Fig. 2). Under conditions of limited saltation, PM10 concentration
did not vary with height for no tillage and suggests vigorous mixing within the near surface boundary layer or very little PM10 that
is freely available at the surface for suspension in the atmosphere.
On the contrary, an apparent change in PM10 concentration with
height was observed for the other tillage treatments. A more dramatic decrease in PM10 concentration with height was observed
for conventional tillage than reduced and delayed-minimum tillage. Under conditions of copious saltation, PM10 concentration declined with height for all tillage treatments, including no tillage.
Differences in horizontal PM10 ﬂux among tillage treatments
(Table 2) paralleled differences in horizontal sediment ﬂux among

Fig. 2. PM10 concentration as a function of height above the soil surface of
conventional (conv), reduced (red), delayed-minimum (min), and no tillage (notill)
over subsequent 10 min periods without and with abrader introduced into the wind
tunnel in August 2005. Each data point is an average of four replications.

tillage treatments (Table 1). For instance, under conditions of limited saltation, horizontal PM10 ﬂux after tillage in May 2005 was
lower from no tillage than other tillage treatments while PM10 ﬂux
was the same for all other tillage treatments. In addition,
horizontal PM10 ﬂux was lowest from no tillage and highest from
conventional tillage after rodweeding in August 2005. Subtle dissimilarities are noted, however, between treatment differences in
horizontal sediment ﬂux and horizontal PM10 ﬂux. For example,
although no difference was observed in horizontal sediment ﬂux
after tillage in August 2004 between conventional and reduced tillage, horizontal PM10 ﬂux was higher for conventional tillage than
reduced tillage. Likewise, although differences in horizontal sediment ﬂux after rodweeding in July 2005 were observed between
conventional and delayed-minimum tillage, differences in horizontal PM10 ﬂux were only observed between conventional and reduced tillage. Under conditions of copious saltation, we also
found similarities and dissimilarities between treatment differences in horizontal sediment ﬂux and horizontal PM10 ﬂux. For
example, differences in horizontal PM10 ﬂux among tillage treatments paralleled differences in horizontal sediment ﬂux among
tillage treatments after rodweeding in July 2005 and sowing in
September 2005. Noteworthy, however, are differences in sediment and PM10 ﬂux among treatments found after tillage in August 2004, tillage in May 2005, and rodweeding in August 2005.
Although horizontal sediment ﬂux was lower for no tillage than
for conventional or reduced tillage, horizontal PM10 ﬂux was the
same for no tillage and conventional or reduced tillage. We expected that PM10 ﬂux would be suppressed for no tillage more
so than for other tillage treatments because of the greater protection afforded the soil surface by crop residue in the no tillage
treatment.
The ratio of horizontal PM10 to sediment ﬂux was determined
for all tillage treatments to identify treatments in which the eroded
sediment was enriched with ﬁner soil material (i.e. PM10). The ratio of PM10 to sediment ﬂux varied from about 0.01–0.17 across all
treatments under conditions of limited saltation and from about
0.01–0.23 across all treatments under conditions of copious saltation (Table 3). Eroded sediment therefore appeared to be further
enriched in PM10 as a result of stimulating saltation during high
winds. Although differences in the ratio of PM10 to sediment ﬂux
existed among treatments after tillage in May, rodweeding in August, and sowing in September 2005, these differences were not
consistent across measurement dates under conditions of limited
saltation. In fact, the ratio was higher for the no tillage treatment
than for the conventional and reduced tillage treatments after tillage in May 2005 but lower for no tillage than conventional and reduced tillage after rodweeding in August 2005. These results may
have been affected by the presence or absence of a soil crust; a soil
crust was apparent after tillage in May 2005 but not present after

Table 3
Ratio of horizontal PM10 to sediment ﬂux measured after tillage, rodweeding, and sowing operations during the summer fallow period of a winter wheat–summer fallow rotation
near Lind, WA.
Date of measurementa

Ratiob
Without abrader
Conv

16 August 2004
26 May 2005
12 July 2005
10 August 2005
8 September 2005

c

0.167ad
0.012b
0.011a
0.016ab
0.011ab

With abrader
Red

Min

No

Conv

Red

Min

No

0.109a
0.009b
0.007b
0.019a
0.014a

0.118a
0.009b
0.010ab
0.013bc
0.008b

0.099a
0.083a
ND
0.010c
0.008b

0.113a
0.006b
0.011a
0.007b
0.011b

0.186a
0.011ab
0.006b
0.016b
0.009b

0.184a
0.010ab
0.010a
0.018b
0.009b

0.226a
0.023a
ND
0.163a
0.117a

ND indicates no data.
a
Measurements taken after primary tillage (16 August 2004 and 26 May 2005), rodweeding (12 July and 10 August 2005), and sowing (8 September 2005) operations.
b
Ratio over two consecutive 10 min sampling intervals, the ﬁrst interval without abrader and the second interval with abrader added to the air stream.
c
Conv is conventional, Red is reduced, Min is delayed-minimum, and No is no tillage.
d
Abrader or no abrader means followed by the same letter on same date are not signiﬁcantly different at P = 0.10.
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rodweeding in August 2005. In the presence of a soil crust, and
without a source of freely-available PM10 at the soil surface, ﬁne
soil particulates on the surface of wheat stubble may have been
a source of enriching the eroded sediment with PM10 in no tillage.
Differences in the ratio of PM10 to sediment ﬂux among treatments under conditions of copious saltation, however, were consistent after tillage in May, rodweeding in July, and sowing in
September 2005. The ratio was higher for no tillage than conventional tillage.
4. Conclusions
Horizontal sediment and PM10 ﬂux as inﬂuenced by high winds
were examined for various tillage practices that vary in intensity
during the summer fallow phase of a winter wheat–summer fallow
rotation. Sediment and PM10 ﬂux appeared to diminish with a
reduction in tillage intensity. The most intensive tillage, or conventional tillage which consists of sweep tillage after harvest and
again the following spring followed by rodweeding and then sowing, generally resulted in higher sediment and PM10 ﬂux compared
to reduced or delayed-minimum tillage (undercut after harvest
and/or the next spring followed by rodweeding and then sowing).
No tillage typically resulted in the lowest ﬂux of sediment and
PM10. No tillage, however, is not yet an economically viable management option for the wheat–fallow region of the Columbia Plateau (Schillinger and Young, 2004). An alternate to conventional
tillage to reduce sediment and PM10 ﬂux during high wind events
on the Columbia Plateau is reduced or delayed-minimum tillage
whereby the soil is undercut after harvest and/or the following
spring.
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