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Histosols (also known as organic soils, mucks, or peats) are soils that are dominated by organic matter
(OM > 20%) in half or more of the upper 80 cm. Forty two states have a total of 21 million ha of Histosols
in the United States. These soils, when intensively cropped, are subject to wind erosion resulting in loss of
crop productivity and degradation of soil, air, and water quality. Estimating wind erosion on Histosols has
been determined by USDA–Natural Resources Conservation Service (NRCS) as a critical need for the Wind
Erosion Prediction System (WEPS) model. WEPS has been developed to simulate wind erosion on agricul-
tural land in the US, including soils with organic soil material surfaces. However, additional field mea-
surements are needed to understand how soil properties vary among organic soils and to calibrate and
validate estimates of wind erosion of organic soils using WEPS. Soil properties and sediment flux were
measured in six soils with high organic contents located in Michigan and Florida, USA. Soil properties
observed included organic matter content, particle density, dry mechanical stability, dry clod stability,
wind erodible material, and geometric mean diameter of the surface aggregate distribution. A field por-
table wind tunnel was used to generate suspended sediment and dust from agricultural surfaces for soils
ranging from 17% to 67% organic matter. The soils were tilled and rolled to provide a consolidated, friable
surface. Dust emissions and saltation were measured using an isokinetic vertical slot sampler aspirated
by a regulated suction source. Suspended dust was sampled using a Grimm optical particle size analyzer.
Particle density of the saltation-sized material (>106 lm) was inversely related to OM content and varied
from 2.41 g cm�3 for the soil with the lowest OM content to 1.61 g cm�3 for the soil with highest OM con-
tent. Wind erodible material and the geometric mean diameter of the surface soil were inversely related
to dry clod stability. The effect of soil properties on sediment flux varied among flux types. Saltation flux
was adequately predicted with simple linear regression models. Dry mechanical stability was the best
single soil property linearly related to saltation flux. Simple linear models with soil properties as indepen-
dent variables were not well correlated with PM10 E values (mass flux). A second order polynomial equa-
tion with OM as the independent variable was found to be most highly correlated with PM10 E values.
These results demonstrate that variations in sediment and dust emissions can be linked to soil properties
using simple models based on one or more soil properties to estimate saltation mass flux and PM10 E val-
ues from organic and organic-rich soils.

Published by Elsevier B.V.
1. Introduction

The United States Department of Agriculture, Natural Resources
Conservation Service estimates that erosion due to wind on non-
federal cropland in the US in 2007 was approximately 0.7 billion
Mg yr�1 (an average of 4.7 Mg ha�1 yr�1) (USDA–NRCS, 2007). In
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the US, there are approximately 21 million ha of organic soils
occurring in 42 states (Lucas, 1982). Wind erosion can be a serious
problem in these soils (Lucas, 1982; Parent et al., 1982; Parent and
Ilnicki, 2003; Kohake et al., 2010), causing severe soil losses result-
ing in crop loss and environmental degradation. Losses of 2.5 cm of
soil and complete filling in of an agricultural drainage ditch from
one storm have been observed (Lucas, 1982). In addition, organic
soils are often used in the production of high-value vegetable crops
and for a given mass loss, the offsite impacts from organic soils
may be greater than mineral soils due to the increased soil volume
and lower density of organic soils (Kohake et al., 2010).

The factors that affect wind erosion of organic soils are similar
to those that affect mineral soils. Kohake et al. (2010) investigated
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the wind erodibility of organic soils and suggested the most impor-
tant soil factors are dry aggregate stability (DAS), dry aggregate
size distribution (ASD), aggregate density (AD), surface moisture
content, crusting and loose erodible material on the crust surface.
In addition, the state of the soil structure, such as size, shape, and
density of erodible and non-erodible fractions have been listed by
Chepil and Woodruff (1963) as some of the most important soil
conditions that influence wind erosion.

The DAS is a measure of the ability of soil aggregates to resist
breakdown under physical forces. Wind erosion has been related
to DAS, as measured by the energy needed to crush an aggregate
to a specified end point, called the crushing energy (CE)(Skidmore
and Layton, 1992; Hagen et al., 1995) and the amount of aggregate
breakdown after repeated sieving in a rotary sieve (Chepil, 1962),
called the mechanical stability (Chepil, 1951). In a study of four or-
ganic muck soils, Kohake et al. (2010) found the mean CE values to
range from 2.73 to 4.12 ln(J kg�1).

The ASD is a description of the distribution of soil aggregates or
clods on the soil surface (Zobeck, 1991b; Zobeck et al., 2003a). A
rotary sieve is used to determine ASD and the wind erodible mate-
rial (WEM) of soil, defined as the percent of soil <0.84 mm diame-
ter (Chepil, 1958). The WEM has long been used in conservation
planning to estimate wind erosion using the Wind Erosion Equa-
tion (Woodruff and Siddoway, 1965). The geometric mean diame-
ter (GMD) and geometric standard deviation are commonly used to
describe the ASD (Zobeck, 1991b). In a study of the ASD of three or-
ganic (muck) soils in Michigan, the GMD varied throughout the
year and ranged from 1.1 to 20.5 mm (Mokma, 1992). The GMD
ranged from 1.1 to 8.8 mm in the Kohake et al. (2010) study.
Zobeck et al. (2003a) reported the mean GMD of three organic soils
in Michigan to vary from 2.3 to 6.6 mm. The mean WEM of the
same study varied from 7% to 34%. The WEM observed for nine
organic soils from the Midwest US ranged from 22% to 64%
(Woodruff, 1970).

Aggregate density is a measure of the mass of soil aggregates
per unit volume. Other factors being equal, wind of a given
strength can move larger aggregates that are less dense compared
with aggregates that are more dense (Kohake et al., 2010). The den-
sity of organic soil aggregates will depend upon the type of organic
material, level of organic matter decomposition, and the amount
and type of mineral matter present. In addition, the density of
aggregates tends to decrease with increasing aggregate (or sample)
size. For example, the bulk density of large samples of organic soils
is often quite low. The surface soil bulk density of Florida organic
soils was observed to vary from 0.26 to 0.73 Mg m�3 (Zelany and
Carlisle, 1974). The surface soil of a cultivated Houghton muck soil
in Michigan had a bulk density of 0.30 Mg m�3 (Lucas, 1982). In
more recent work, the bulk density of organic soil surfaces ranged
from 0.19 to 0.64 Mg m�3 while the density of 20 mm diameter
clods of organic soils ranged in density from 0.58 to 1.11 Mg m�3

(Mokma, 1992). In the Kohake et al. (2010) study of four muck
soils, the mean density of five different aggregate size classes,
ranging in diameter from approximately 1–19 mm, varied from
0.93 to 1.13 Mg m�3. The density of smaller organic soil aggregates
and particles may be even greater. The mean densities of 0.29–
2.00 mm diameter particles and aggregates from nine organic soils
from the Midwest US ranged from 1.57 to 1.70 Mg m�3 (Woodruff,
1970). The density of the smaller particles was likely related to the
amount of organic matter (OM), relative to mineral matter, con-
tained in each sample. The density of organic soil aggregates in-
creases with increasing sand to OM ratio due to the much
greater density of mineral grains relative to OM.

Although Kohake et al. (2010) also noted the importance of soil
moisture and crust properties to wind erosion of organic soils. In
our study, we used air-dried, tilled and leveled soils to maintain
similar moisture and surface conditions for each site.
Relative to mineral-dominated soils, few studies have focused
on the wind erosion of organic soils. Portable wind tunnel studies
of organic soils in Ohio and Wisconsin and laboratory tests of sam-
ples from Michigan and Minnesota suggested organic soils react
differently to wind action than mineral soils (Woodruff, 1970). Re-
sults from sieving with a rotary sieve suggested that organic soils
were less erodible than highly erodible sands and sandy loams.
However, wind tunnel tests and incidence of erosion under natural
conditions indicated they are highly erodible under certain condi-
tions (Woodruff, 1970). In a laboratory wind tunnel study, Zobeck
(1991a) found that the soil loss rate for a sieved organic soil could
be an order of magnitude greater than that of mineral soils, with
the exception of a loamy sand soil. Under the lowest abrasion feed
rate tested in the study, the organic soil loss rate was 2.7 times that
of the loamy sand soil.

The Wind Erosion Prediction System (WEPS) developed by sci-
entists at the USDA–ARS is a process-based, daily time-step model
that incorporates the latest wind erosion science and technology,
and was designed to be a replacement for the USDA–ARS Wind
Erosion Equation (Hagen, 1991; Wagner, 1996; USDA–ARS,
2008). The structure of WEPS is modular and includes sub-models
that simulate daily weather, hydrology, tillage and crop manage-
ment, crop growth, soil surface conditions, decomposition, and
erosion. The model includes five databases for climate, soils, man-
agement, barriers, crop growth, and residue decomposition. A user
interface provides a way for the user to enter initial conditions
such as field dimensions and orientation, barriers, locations of bar-
riers, management operations, and soil type for the desired simu-
lation region (USDA–ARS, 2008). Given the information provided
by the user, the interface accesses the databases for the detailed
information needed for simulation. Specific soil-related data
needed by WEPS include surface micro-relief (roughness) proper-
ties such as ridge height and spacing and random roughness, soil
sand and clay content, organic matter and calcium carbonate con-
tent, and crust and aggregate properties including aggregate size
distribution, dry stability, and density. Further detailed descrip-
tions of the many inputs needed for WEPS are beyond the scope
of this paper and have been described elsewhere (Hagen, 1991;
Zobeck, 1991b; Wagner, 1996; USDA–ARS, 2008).

WEPS outputs include average and total number of erosion
events over the simulation period, soil loss per erosion event,
and average creep and saltation material, suspension, and PM10

(particulate matter less than 10 lm) leaving the field. WEPS has
been field tested and validated for a wide variety of mineral soils
(Funk et al., 2004; Hagen, 2004; Feng and Sharratt, 2007) but no
similar field studies have been made on organic soils. However,
since so little information is available for organic soils, WEPS and
other physically-based erosion models need additional data relat-
ing wind erosion of organic soils to soil properties. The objective
of this study was to determine the effects of organic matter con-
tent, aggregate density, stability, and erodible fraction on wind
erosion of organic soils to provide further information needed in
the development of WEPS.
2. Materials and methods

2.1. Study sites

Soils with a range of surface soil organic matter (OM) contents
were identified in Palm Beach Co., Florida and Newaygo Co., Michi-
gan (Fig. 1). Three sites in Michigan were all mapped as Adrian muck
(sandy or sandy-skeletal, mixed, euic, mesic Terric Haplosaprists)
and were designated as high (MH, 57.5% OM), medium (MM, 40.9%
OM), and low (ML, 16.7% OM) organic matter contents (Table 1).
Three sites were also identified in Florida and were mapped as



Fig. 1. Location of the study sites in Michigan and Florida.
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Pahokee muck (hyperthermic Lithic Haplosaprists), Torry muck
(euic, hyperthermic Typic Haplosaprists), and Plantation muck (san-
dy, siliceous, hyperthermic Histic Humaquepts). The Pahokee muck
was designated as high OM (FH, 66.6%), the Torry muck had medium
OM (FM, 28.2%), and the Plantation muck had low OM (FL, 12.6%)
(Table 1).

Three plots were prepared and tested in the same manner on
each site. Each plot was approximately 2 m wide and 10 m long
and was air-dried, roto-tilled, raked, and finally rolled flat using a
25 kg turf roller to ensure surface roughness was as similar as pos-
sible (Fig. 1).

2.2. Wind tunnel

A portable (field) wind tunnel was used to estimate the erod-
ibility of each soil surface by measuring fluxes of saltation and sus-
pended PM10 dust (Fig. 2). The wind tunnel system employed here
has been described in detail by Van Pelt et al. (2010) and has been
successfully deployed in other wind erosion investigations
(Baddock et al., 2011). Airflow was generated by a 1 m diameter
push-type fan. The tunnel was 1 m high with a 6 m � 0.5 m
open-floor testing length in which the bare soil surface was ex-
posed to the fan-induced air flow. Sediment transport in the wind
tunnel was sampled using a 1 m high slot sampler with a 3 mm
wide slot (0.003 m cross section) which vertically integrated over
the entire height of the tunnel at the center of the tunnel exit.
The sampler was aspirated by suction fans at a rate to achieve
isokinetic flow with the airflow of the wind tunnel when at its final
steady velocity. Sediment was captured by the slot sampler moving
in suspension as well as that material moving near or at the bed as
saltation and surface creep (Van Pelt et al., 2010). Having been col-
lected at the end of each run, the bed-transported material depos-
ited in a pan in the bottom of the slot sampler was later sieved to
retain the portion 106–2000 lm. This was to remove the finer frac-
tion (<0.106 lm) for further analysis as well as any larger non-sand
particles (>2 mm) and other material in order to provide the frac-
tion transported as saltation and creep flux. This mass was con-
verted to a (saltation-dominated) horizontal mass flux, q
(g m�2 s�1), based on the duration of each run, the area in front
of the sampler subjected to abrasion (0.018 m�2) after adjusting
for the sampler trap efficiency (73%, Van Pelt et al., 2010).

A small portion of the air aspirated through the slot sample was
also tested by an optical particle size analyzer. The analyzer was a
GRIMM 1.108 optical particle counter (Grimm Aerosol Technik
GmbH & Co., KG, Germany), which uses a laser to determine the
number and size of particles (for 15 size bins < 25 lm) per liter
of air per minute, returning a count every 6 s. The number of par-
ticles by volume per unit time was converted to a mass value for
the particles <10 lm (PM10) in each sample interval using the par-
ticle density measured for each site determined with a Micromer-
itics AccuPyc 1330 helium pycnometer (Micromeritics Instrument
Corp., Norcross, GA, USA) from sieved bulk samples as described in
the next section. The vertically integrated mass of PM10 per unit
time was divided by the tunnel floor area (3 m2) to obtain the mass
per unit area per unit time and called the E value (lg m�2 s�1), (see
also Houser and Nickling, 2001).

Following rolling (Fig. 2), tests were initiated when the relative
humidity was <60% and the ambient wind speeds were <5 m s�1.
Each plot was subjected to three wind tunnel runs when the sur-
face soil was in an air-dry condition. The first run was an initial
blow-off when flow was accelerated from zero to the target veloc-
ity of 12.6 m s�1 at a height of 0.5 m in the center of the tunnel. The
wind tunnel was calibrated to this velocity, which represents an
erosive condition from field studies of erosion events, and this
height-velocity sets up a known flow profile for the tunnel (Van
Pelt et al., 2010). It took up to 3 min to achieve the target velocity
and the total period of this run was approximately 5 min. By the
end of the initial run, the most readily eroded material had been
blown from the study plots. The sediment trap in the bottom of
the slot sampler was emptied and replaced at this point, but tunnel
air flow was not terminated after the first run. Flow velocity there-
fore remained constant at the target value (±0.5 m s�1) for the start
of the subsequent run. This following run was conducted for
20 min and in this run sand was introduced into the flow in order
to bombard the surface throughout the entire run. The sand was
added to the flow near the ground surface and was distributed
evenly across the tunnel width via chutes leading down from a
hopper atop the tunnel. The abrader sand was introduced steadily,
at a known rate, to simulate sandblasting, a process essential in
driving prolonged emission from most natural surfaces (Shao
et al., 1993). The added material was geologically clean, well-
sorted fine sand (86.6% of mass between 106 and 500 lm diame-
ter) and was largely dust free (0.03% < 10 lm). Its input rate was
equivalent to 14.5 g m�1 s�1, a rate comparable to that used in sev-
eral laboratory-based wind tunnel abrasion studies (e.g., Zobeck,
1991a; McKenna Neuman et al., 2005). The use of a blow-off run
followed by an abrader run in this manner was based on previous
studies that had successfully characterized both saltation and dust
emission fluxes from different soil surfaces (e.g., Baddock et al.,
2011).

During the 20 min abrasion test (Run 1), a representative veloc-
ity profile was determined for the steady flow run by recording
time-averaged wind speeds at six known heights above the sur-
face. This was performed by moving a single hotwire anemometer



Table 1
Amount of wind erodible soil and soil stability values by site.

Site
ID

State LOI organic
matter
content [%]�

Organic
carbon
content [%]

Particle
density > 106 lm
diameter [Mg m�3]

Particle
density < 106 lm
diameter [Mg m�3]

Wind
erodible
material [%]

Dry
mechanical
stability [%]

Dry clod
stability
[LN(CE)] �

Geometric
mean diameter
[mm]

FH Florida 66.6a�� 38.8a 1.61e 1.60d 38.4b�� 90.8a 7.50a 1.67ab
FM Florida 28.2d 17.3d 1.97b 2.01a 37.5b 94.3a 7.58a 1.93a
FL Florida 12.6e 9.6e 2.41a 1.91bc 50.9b 73.0ab 4.81b 1.06b
MH Michigan 57.5b 29.3b 1.75d 1.63d 36.0b 76.9ab 6.48a 1.89ab
MM Michigan 40.9c 25.0c 1.87c 1.82c 42.6b 89.3a 6.70a 1.50ab
ML Michigan 16.7e 10.9e 2.38a 1.97ab 73.5a 59.9b 2.85c 0.20c

� LOI – Loss on ignition; LN(CE) – natural log of the crushing energy in J kg�1.
�� Values with the same letter, within columns, are not significantly different at the 5% level of significance.

Fig. 2. Prepared wind tunnel plot and inset view of wind tunnel.
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between different heights and sampling the mean velocity at each
interval for 30 s. Surface roughness length (z0) was then calculated
using the established method of fitting the Prandtl–von Karman
logarithmic law to the measured wind speed profile. Detail on
the general application of this law to wind erosion studies is re-
viewed fully by Zobeck et al. (2003b). The average aerodynamic
roughness (and standard deviation) over all tests was 0.0015 m
(0.0011 m) and the average friction velocity (and standard devia-
tion) was 0.88 m s�1 (0.12 m s�1). The 20 min run was followed
by a final 10 min run (Run 2) during which abrader was again
added throughout the entire run.

2.3. Soil analysis

Following the plot-preparation rolling, a 5 kg bulk soil sample
was collected from the surface 5 cm of each plot to determine the
dry ASD using a compact rotary sieve (Chepil, 1962). The WEM
was measured as the percent mass of soil <0.89 mm diameter after
sieving. The ASD was estimated as the geometric mean diameter
(GMD) and determined by assuming a logarithmic-normal
aggregate distribution and regressing percent mass undersize on
the logarithm of the aggregate diameter as described by Gardner
(1956) and Zobeck et al. (2003a) The dry mechanical
stability of each plot was determined with the rotary sieve by res-
ieving the >0.89 mm diameter fraction as described by Chepil
(1958). The dry stability of each plot was also evaluated by deter-
mining the energy required to crush 15–20 mm diameter clods to
a known endpoint (called the crushing energy). Approximately 25
clods were collected from the soil surface immediately following
rolling and air-dried prior to determining the crushing energy
(J kg�1) using a Vertical Aggregate Crushing Energy Meter (VSA-
CEM) as described by Hagen et al. (1995). Bulk soil samples of the
surface 5 cm were also collected to determine other soil properties.

Soil samples used to determine organic C content were ground
to pass a 150 lm screen using a roller mill and analyzed for organic
C content using an Elementar Vario Max C–N analyzer (Elementar
Americas Inc., Mt. Laurel, New Jersey). Total soil OM content of the
soil surface <2 mm diameter also was determined by loss on igni-
tion (LOI) at 400 �C as described in USDA–NRCS (1996). This com-
bustion method was also used because a muffle furnace used for
dry combustion at 400 �C is more readily available in standard soils
laboratories. Subsamples of the bulk surface soil (<2 mm) were
air-dried, sieved with a 106 lm (No. 140) sieve and the particle
density of each size fraction (2 mm to 106 lm and the por-
tion < 106 lm) was determined with the Micromeritics AccuPyc
1330 helium pycnometer.

Statistical analyses were performed using JMP 9.0 (SAS
Institute, 2010). One way analysis of variance was used to
determine differences among sites using the Tukey–Kramer HSD
(honestly significant differences) test (Tukey, 1953; Kramer,



Table 2
Restricted maximum likelihood correlation coefficients of selected soil properties.

Source LOI organic
matter content

Organic
carbon
content

Particle
density >
106 lm

Particle
density <
106 lm

Dry
mechanical
stability

Wind erodible
material

Dry clod
stability

Geometric mean
diameter

LOI organic matter content (%) 1 0.98*** �0.96*** �0.90*** 0.45 �0.65** 0.66** 0.61*

Organic carbon content (%) 1 �0.95*** �0.87*** 0.51 �061* 0.69** 0.58*

Particle density > 106 lm (Mg m�3) 1 0.77*** �0.62** 0.74** �0.82*** �0.73**

Particle density < 106 lm (Mg m�3) 1 �0.24 0.50* �0.42 �0.43
Dry mechanical stability (%) 1 �0.94*** 0.83*** 0.56*

Wind erodible material (%) 1 �0.93*** �0.98***

Dry clod stability (LN(crushing energy, J kg�1)) 1 0.86***

Geometric mean diameter (mm) 1

* Significant at the 0.05 level.
** Significant at the 0.001 level.

*** Significant at the 0.0001 level.

Fig. 3. Effect of LOI organic matter on dry mechanical stability and wind erodible
material.

Fig. 4. Effect of organic matter content on particle density.
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1956). The restricted maximum likelihood method was used to
perform correlations to evaluate the interactions of selected soil
properties and stepwise regression was used to relate soil proper-
ties and dust emissions.

3. Results and discussion

3.1. Soil property differences among sites

Not all of the soil surfaces tested were organic soil material as
defined in the USDA Soil Taxonomy (Soil Survey Staff, 1999). Or-
ganic soil material has an organic carbon content, by weight, of
over 18% (30% OM as measured by LOI) if the mineral fraction con-
tains 60% or more clay; or more than 12% (20% OM as measured by
LOI) if the mineral fraction contains no clay; or more than 12% plus
the clay percentage multiplied by 0.1 if the mineral fraction con-
tains less than 60% clay. Although all sites were originally mapped
as organic soils, according to these criteria soils FL and ML had high
levels of organic matter but too little to qualify as organic soil
material (Table 1). Since the sites have been in production agricul-
ture for several decades, the lower organic matter levels now ob-
served may be attributed to losses due to soil erosion and/or
oxidation of the organic matter upon draining (Lucas, 1982). All
study soils classified as having medium and high OM levels had
high enough OM to be classified as organic soil material.

Organic matter was measured as organic carbon using an
instrument that combusts the organic carbon and determines the
carbon content using gas analysis (Vario-Max) and as organic mat-
ter by simple combustion using a muffle furnace. The Vario-Max is
more precise but requires special equipment not available in all
labs. The muffle furnace is a common and relatively inexpensive
laboratory instrument. The organic carbon (%), as measured by
the gas analysis in the Vario-Max (Y) was highly correlated (Ta-
ble 2) with the LOI OM content (%) measured by combustion in
the muffle furnace (X):

Y ¼ 2:98þ 0:51X ðR2 ¼ 0:96Þ ð1Þ

In general, the OM content measured by the muffle furnace was
about 1.6 times the organic carbon content measured by gas anal-
ysis. The standard deviation of this comparison was 0.2%. The LOI
OM content will be used in future comparisons for this manuscript.

In this study, the mineral soils (FL and ML) had relatively high
OM contents but produced relatively clear differences in certain
soil properties in comparison to the organic soils. For example,
the dry mechanical stability, dry clod stability and GMD of the
mineral soils were lower than most of the organic soils (Fig. 3
and Table 1). The wind erodible material content had a similar
but inverse relationship. The effect of OM on the particle density
of the saltation and creep-size particles (>106 lm diameter) had
a similar trend but not as distinct. The particle density of the salta-
tion and creep-size particles of the mineral soils was greater than
the organic soils but the difference was in line with the OM content
of the organic soils as shown in Fig. 4. In fact, the correlation of OM
with particle density was among the highest among all soil proper-
ties compared (Table 2).



Fig. 5. Relationship of wind erodible material and dry mechanical stability (top)
and dry clod stability (bottom).
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More detailed examination of the particle density data and its
effect on soil properties revealed some variation in density levels
by particle size and OM level. Among both size classes tested
(<106 lm and >106 lm diameter), the particle density was highly
but inversely related to the OM content. Soils with the highest level
of OM had the lowest density, varying from 1.6 to 1.75 Mg m�3,
and the soils with the lowest level of OM had the greatest density,
varying from 1.91 to 2.38 Mg m�3 (Table 1). Particle density did not
vary greatly by size for the high and medium level OM soils. How-
ever, for the soils with the lowest level of OM, the density of the
larger saltation-sized particles (>106 lm diameter) was consider-
ably greater than the density of the small suspension-sized parti-
cles (Table 1). The density of the particles >106 lm diameter was
much more highly correlated (negatively) with dry mechanical sta-
bility, clod stability, and GMD than the <106 lm diameter particle
Table 3
Saltation mass flux and PM10 E values (mass flux) by site and run number.

Site ID Saltation mass flux

Run 0 [g m�2] Run 1 [g m�2 s�1] Run 2 [g m�2 s�1]

FH 254.47c� 2.56b 2.50b
FM 81.58c 2.16b 2.13b
FL ND ND ND
MH 904.56b 2.82b 2.29b
MM 325.22bc 2.70b 2.62b
ML 2063.48a 5.37a 4.14a

� Values with the same letter, within columns, are not significantly different at the 5%
density. In addition, the density of the particles >106 lm diameter
was much more positively correlated with the amount of wind
erodible material than the <106 lm diameter particle density.
These correlation results imply that as the density of the material
>106 lm diameter increased, likely reflecting increasing soil sand
content, the dry soil stability and size decreased and the amount
of erodible soil material increased.

Most of the soils tested had similar amounts of wind erodible
material as measured with the rotary sieve (Table 1). Only the
ML site had a significantly greater amount of wind erodible mate-
rial than the other soils. Since all sites were thoroughly tilled in the
same manner, the reason for the difference in amount of wind
erodible material is suggested to lie in the strength of the soil
aggregates. The ML site had the lowest dry clod stability among
all sites (Table 1).

Dry clod stability and dry mechanical stability were positively
and highly correlated (Table 2) and would be expected to have
the same effect on soil erodibility. The effects of dry mechanical
stability and dry clod stability on soil erodibility are shown by
comparing each property to wind erodible material content, result-
ing in similar regression trends and negative R2, indicating an in-
verse relationship (Fig. 5). Dry clod stability was also highly
positively correlated with GMD and GMD had one of the highest
(negative) correlations with wind erodible material among all
comparisons of selected soil properties (Table 2). Thus, as these
measures of soil stability and ASD decreased, the amount of erod-
ible material available for transport by erosive winds increased.
3.2. Soil property effects on saltation mass flux

The saltation mass flux values observed for each run and site are
shown in Table 3. Run 0 saltation mass flux values are represented
as g m�2 for the entire initial blow period. The durations of the ini-
tial blow periods varied somewhat for each rep, but were approx-
imately 5 min. The Run 0 plots were blown until saltation ceased,
so precise emission rates per second are not shown. One-way AN-
OVA indicated considerable overlap in saltation mass flux values
among sites that does not appear to be clearly associated with or-
ganic matter levels (Table 3). For example, although the soil with
one of the lowest OM levels (ML) had the highest saltation mass
flux, as expected, the soil with the second highest OM level (MH)
had the second highest saltation mass flux (Table 3). Unfortu-
nately, the saltation data for the site with the lowest OM content,
FL, was not available for analysis. However, although the soil with
the highest organic matter content, FH, had one of the lowest sal-
tation mass flux values, it was similar to both sites with medium
levels of OM. This weak association of Run 0 saltation mass flux
and OM content is supported by a non-significant pair-wise corre-
lation of OM content with Run 0 saltation flux (Table 4). The salta-
tion mass flux values for Runs 1 and 2 were more highly correlated
with OM content, although the correlations were somewhat low
compared to comparisons with other soil properties. Runs 1 and
2 saltation mass flux values were much more highly correlated
PM10 E values

Run 0 [lg m�2 s�1] Run 1 [lg m�2 s�1] Run 2 [lg m�2 s�1]

51.1b 196.3ab 194.7ab
55.3b 140.8bc 142.8bc
55.5b 249.9a 277.6a
178.9ab 101.0c 85.8c
60.5b 100.4c 85.8c
635.4a 235.0a 201.6ab

level of significance; ND - Not determined.



Table 4
Restricted maximum likelihood pairwise correlations of selected properties with saltation mass flux and PM10 E values.

Source Saltation mass flux PM10 E values

Run 0 Run 1 Run 2 Run 0 Run 1 Run 2

LOI organic matter content (%) �0.49 �0.58* �0.53* �0.33 �0.51* �0.47
Particle density > 106 lm (Mg m�3) 0.73* 0.80** 0.77** 0.42 0.64* 0.58*

Dry mechanical stability (%) �0.83*** �0.79** 0.67* �0.65* �0.53* �0.21
Wind erodible material (%) 0.86*** 0.95*** 0.91*** 0.76** 0.59* 0.50
Dry clod stability (LN(crushing energy, J kg�1)) �0.93*** �0.96*** �0.91*** �0.71** �0.60* �0.44
Geometric mean diameter (mm) �0.81** �0.91*** �0.88*** �0.66* �0.60* �0.52*

* Significant at the 0.05 level.
** Significant at the 0.001 level.

*** Significant at the 0.0001 level.

Table 5
Selected regression parameter estimates relating Run 1 saltation mass flux with selected soil properties.

Source Eq. (1) Eq. (2) Eq. (3) Eq. (4) Eq. (5) Eq. (6) Eq. (7) Eq. (8)

Intercept 4.67 �3.71 10.44 �0.69 7.10 5.59 �1.47 10.47
LOI organic matter content (%) �0.04 0.01 0.001
Particle density > 106 um (Mg m�3) 3.58
Dry mechanical stability (%) �0.09 �0.09
Wind erodible material (%) 0.08 0.09
Dry clod stability (LN(crushing energy, J kg�1)) �0.63
Geometric mean diameter (mm) �1.78

Coefficient of determination (R2) 0.31 0.63 0.97 0.94 0.94 0.90 0.96 0.97

Fig. 6. Estimation of saltation mass flux for Run 1 using Eq. (4) (top) and Eq. (7)
(bottom), Table 5, with wind erodible material (Erod_Mat) and LOI OM (LOI_OM)
content as independent variables.

T.M. Zobeck et al. / Aeolian Research 10 (2013) 43–51 49
with soil stability, density, and size parameters than with OM con-
tent (Table 4).

Since abrader material was introduced into the wind tunnel
during Runs 1 and 2, the saltation results reflect the mass captured
at the end of the wind tunnel after abrasion of the surface and sed-
iment trapping that may have occurred. We did not attempt to
estimate the amount of trapping so interpretations of the saltation
mass flux data are best considered relative in nature. The Run 1
and Run 2 saltation mass flux values for all sites were the same
(Table 3), with the exception of the ML site, which was significantly
higher (P < 0.05).

3.3. Soil property effects on PM10 mass flux E values

The PM10 E values observed for each run and site are shown in
Table 3. These values represent the average of the last 3 min of
each run. The initial blow-off created during Run 0 emitted more
loosely, readily entrained dust available on the soil surface. The
dust created during Runs 1 and 2 was caused by the abrasion pro-
cess. Unfortunately, we were unable to collect data for Run 2 for
rep 3 of FH and for reps 2 and 3 for FS. Since data from all reps were
available for Runs 0 and 1, comparisons of PM10 E values were
made using Run 0 and Run 1. For comparisons of Run 1 data, the
average PM10 E values ranged from a high of 635.4 lm m�2 s�1

for site ML, to a low of 51.1 lm m�2 s�1 for site FH. The PM10 E val-
ues for Runs 1 and 2 had a narrower range, from a high of
277.6 lm m�2 s�1 for site FL to a low of 85.8 lm m�2 s�1 for sites
MH and MM.

The general trends of the ANOVA of the dust data were similar
to that of the saltation data, with some exceptions (Table 3). Unlike
the saltation data, the PM10 E values for Run 0 were not consider-
ably higher than Runs 1 and 2, with the exception of sites ML and
MH. The Run 0 PM10 E values of ML were about three times that
Runs 1 and 2 and the Run 0 PM10 E values of MH were about twice
that of Runs 1 and 2. However, as with the saltation flux data, site
ML had a significantly higher PM10 E values (about two to seven
times) for Run 0 than the other sites. In addition, all of the Run 0
PM10 E values for the Florida sites were the same. The general
trends for PM10 E values for Runs 1 and 2 were similar to the trends
found for the saltation mass flux values. Generally, the sites with
low OM levels (FL and ML) had significantly greater PM10 E values
than the other sites, which were statistically the same.



Table 6
Selected regression parameter estimates relating Run 1 PM10 E values (mass flux) with selected soil properties.

Source Eq. (1) Eq. (2) Eq. (3) Eq. (4) Eq. (5) Eq. (6) Eq. (7)

Intercept 232.75 �104.80 253.88 306.70 39.40 �692.68 �77.56
LOI organic matter content (%) �1.68 3.60
Particle density > 106 lm (Mg m�3) 137.87 365.39 94.42
Dry mechanical stability (%)
Wind erodible material (%) 2.82 1.28
Dry clod stability (LN(crushing energy, J kg�1)) �22.73
Geometric mean diameter (mm) �60.51

Coefficient of determination (R2) 0.29 0.40 0.36 0.36 0.35 0.51 0.44

Fig. 7. Effect of OM on PM10 E value as represented by a second degree polynomial.
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The pair-wise correlations of soils properties with PM10 by Run
number are presented in Table 4. The correlations of the PM10 E
values with soil properties were generally lower than to those
found for the saltation mass flux values. For Run 0, the wind erod-
ible material had the highest correlation with PM10 E values while
the OM content and particle density were not significantly related
to the PM10 E values. Organic matter content and the density of
particles >106 lm diameter were more highly correlated in Runs
1 and 2, when abrader was added to the wind stream, than in
the blow-off Run 0. The density of particles >106 lm diameter
was the most highly correlated soil property for Run 1.

3.4. Simple mass flux prediction equations

Simple and multiple linear regressions were used to develop
models relating saltation mass flux to soil properties (Table 5) for
use in WEPS. Comparisons were made with data from Run 1 be-
cause this run included all reps. In comparisons of equations with
only one independent variable, dry clod and mechanical stability,
and wind erodible material, had similar high coefficients of deter-
mination (R2) with saltation mass flux (Table 5, Eqs. (5), (3) and (4),
respectively). The relationship of wind erodible material and salta-
tion mass flux is illustrated in Fig. 6. The ASD parameter, GMD, had
a slightly lower R2 (Table 5, Eq. (6)). Adding another soil property
to the predictive equation for saltation, such as OM (Table 5, Eqs.
(7) and (8)), did not greatly improve the R2.

Simple and multiple linear regressions also were used to devel-
op simple models relating PM10 E values to soil properties (Table 6),
similar to those developed to relate saltation mass flux to soil prop-
erties (Table 5). These regression equations demonstrate the poor
correlation of simple linear models with only one independent var-
iable (soil property) to predict PM10 E values. Adding a second
independent variable to the model did not greatly improve the
R2 (Table 6, Eqs. (6) and (7)). The addition of a third independent
variable to predictive equations provided no further improvement
in R2.

However, plots of the soil property data versus PM10 E values
revealed that LOI OM and the density of particles >106 lm
diameter seemed to have a second degree polynomial relationship
with PM10 E values. Regression analysis revealed that LOI OM was
the most highly related (R2 = 0.85) with PM10 E values with this
polynomial relationship as shown in Fig. 7. The second degree
polynomial regression of the density of particles >106 lm diameter
had R2 = 0.80. Further analyses showed that second degree polyno-
mial regressions relating PM10 E values with other soil properties
produced much lower R2.

Comparison of PM10 E values of the organic soils observed in
this study were generally smaller than the PM10 E values observed
in a similar study of a silt loam soil in Tribune, Kansas, described by
Van Pelt et al. (2013). Mean PM10 E values observed at Tribune
were 302 and 640 lm m�2 s�1 for Runs 1 and 2, respectively, com-
pared with values of 171 and 148 lm m�2 s�1, respectively, for
Runs 1 and 2 observed in this study.

This result suggests that soil loss due to wind erosion of organic
soils is comparable to that of mineral soils and may be lower,
depending on the soils compared. This conclusion is based on a
limited study of 6 organic soils. More information is needed to in-
clude other organic soils with wider range in soil properties.

4. Conclusions

The OM level of the surface soil had a clear effect on the soil
properties and subsequent wind erosion in this study. For example,
dry mechanical stability and dry clod stability decreased and the
dry erodible material content increased as OM content decreased.
The effect of OM on the particle density was similar, with soil par-
ticle density increasing with decreasing OM content. Particle den-
sity of the saltation-sized material (>106 lm) varied from
1.61 g cm�3 for the soil with highest OM content to 2.41 g cm�3

for the soil with the lowest OM content. Since all sites were thor-
oughly tilled in the same manner, most of the soils tested had sim-
ilar amounts of wind erodible material (aggregates) as measured
with the rotary sieve. Dry clod stability and dry mechanical stabil-
ity were highly correlated and the differences in dry clod stability
and dry mechanical stability among sites had the same pattern.

The soil properties had a decided effect upon the saltation and
PM10 E values observed in this study. The soils with the highest
fraction of wind-erodible material (51–74%) had distinctly higher
dust emissions compared with the other soils. One-way ANOVA
indicated considerable overlap in saltation mass flux values among
sites that does not appear to be clearly associated with organic
matter levels in Run 0. The saltation mass flux values for Runs 1
and 2 were more highly correlated with OM content, although
the correlations were somewhat low compared to comparisons
with other soil properties.
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The Runs 1 and 2 saltation mass flux values were much more
highly correlated with soil stability and density parameters than
with OM content. Simple and multiple linear regressions used to
develop models relating saltation mass flux to soil properties indi-
cated the dry mechanical stability (Table 5, Eq. (3)), easily measured
by sieving, was the best single soil property to predict saltation flux.
Adding another soil property to the predictive equation for salta-
tion, such as OM, did not greatly improve the estimate of R2.

For comparisons of PM10 E values among sites, the sites with
low OM levels (FL and ML) had significantly greater PM10 E values
than the other sites, which were statistically the same. The corre-
lations of the PM10 E values with selected soil properties were low-
er than those found for the saltation flux values. Organic matter
content and the density of particles >106 lm diameter were more
highly correlated in Runs 1 and 2, when abrader was added to the
wind stream, than in the blow-off Run 0. Plots of the soil property
data versus PM10 mass flux revealed that LOI OM and the density of
particles >106 lm diameter seemed to have a second degree poly-
nomial relation with PM10 E values. Regression analysis revealed
that LOI OM was the most highly related (R2 = 0.85) with PM10 E
values with a second degree polynomial relationship. The regres-
sion of the density of particles >106 lm diameter had a polynomial
relation with dust flux with a similar R2 of 0.80. Polynomial equa-
tions relating PM10 E values with other soil properties had much
lower R2 values. These results demonstrate that variations in sed-
iment and dust emissions can be linked to soil properties using
simple models based on one or more soil properties to estimate
saltation mass flux and PM10 E values from organic and organic-
rich soils. The models are suggested to provide improvements of
WEPS predictions for organic soils.
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