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A B S T R A C T

Biosolids are frequently applied to agricultural lands in dry regions, but wind erosion of these lands might
transport biosolids particulates offsite and impact environmental quality. Our objective was to measure con-
centrations of EPA-regulated metals as well as macronutrients and micronutrients in soil and windblown sedi-
ment from a biosolids field experiment. A wind tunnel was used to generate windblown sediment from ex-
perimental plots subject to traditional (disk) or conservation (undercutter) tillage and application of biosolids or
synthetic fertilizer on two measurement dates during the summer fallow phase of a winter wheat-summer fallow
(WW-SF) rotation at Lind, WA in 2015 and 2016. Application of biosolids or use of undercutter tillage resulted in
higher concentrations of heavy metals in the soil. For example, zinc (Zn) concentration in soil was 14% higher
for undercutter than disk tillage and 21% higher for biosolids than synthetic fertilizer on the first measurement
date in 2015. Differences in metal concentrations between treatments, however, were not as evident in wind-
blown sediment. Similar results were found for nutrient concentrations in soil, but concentrations in windblown
sediment were at least 10% lower for biosolids than synthetic fertilizer and undercutter than disk tillage on at
least one measurement date. Little difference was found in loss of heavy metals and nutrients in windblown
sediment between biosolids and synthetic fertilizer treatments. Our results suggest similar loss of metals and
other elements from agriculture land after application of biosolids and synthetic fertilizer. Biosolids, however,
are beneficial for increasing C and N content in soil.

1. Introduction

The treatment of wastewater is an ever-growing environmental
concern in maintaining the quality of water resources as the world
population rises (Teklehaimanot et al., 2015). The world population is
presently 7.6 billion and is growing by 1.1% y−1 (United Nations,
2017). Population growth has stressed treatment facilities because of
their finite capacity to treat wastewater and store biosolids (Zickefoose,
2013). Therefore, finding more sustainable ways to utilize biosolids
could reduce stress on wastewater facilities as communities continue to
grow.

Wastewater or sewage sludge can be polluted as a result of har-
boring enteric bacteria, pathogenic organisms, heavy metals, and par-
ticulate matter (Bhat et al., 2013). Since the 1950s, federal legislation in
the United States has been strengthened to control water pollution. The
treatment of wastewater generates biosolids which are commonly

disposed of by incineration or burying in landfills. Application of bio-
solids to agricultural land to replace synthetic fertilizers and improve
quality of degraded agricultural soils represents a relatively safe
method to recycle or sustainably use biosolids (Lagae et al., 2009) and
is of economic benefit to farmers (Lu et al., 2012).

Sorber et al. (1984) concluded there is little or no risk associated
with the land application of liquid biosolids based on the lack of viable
pathogens present in air downwind of these lands. Following current US
EPA guidelines, there is little risk to human health posed by micro-
biological entities in properly-treated biosolids based on the rapid de-
gradation of Endocrine compounds (Pepper et al., 2008). Biosolids,
however, also contain other harmful ingredients such as heavy metals.

The US EPA analyzed the risk of biosolids to humans, plants, ani-
mals, and soil organisms and has set limits on concentrations of 10
elements found in biosolids (USEPA, 1995; National Research Council,
2002). These 10 elements are arsenic (As), cadmium (Cd), chromium
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(Cr), copper (Cu), lead (Pb), mercury (Hg), molybdenum (Mo), nickel
(Ni), selenium (Se), and Zn. The US EPA guidelines did not consider off-
site exposure to bioaerosols which can affect human health (National
Research Council, 2002; Paez-Rubio et al., 2007). The concentration of
certain metals in aerosols emitted during the application of biosolids to
agricultural lands in Arizona was observed by Paez-Rubio et al. (2006).
They found an order of magnitude higher concentration in regulated
metals during the spreading of dewatered biosolids to land. Bhat et al.
(2013) reported that Cr, Pb, phosphorus (P), Cd, and manganese (Mn)
were present only in bioaerosols collected during application of bio-
solids and not before or after the application of biosolids to land in
Ohio. Baertsch et al. (2007) found the presence of biosolids in 56% of
aerosol samples collected downwind of treated agricultural fields
during high-wind events in Arizona. They found the biosolids con-
centration in downwind aerosols was high and varied from 0.1 to
2 gm−3. Yang et al. (2007) confirmed the presence of biosolids in
aerosols emitted during tillage of lands amended with biosolids in Ar-
izona.

There is risk for windblown sediment to be enriched or contain high
concentrations of metals or other elements if soils amended with bioso-
lids have elevated concentrations of these elements. Macronutrients tend
to increase in soil following land application of biosolids. Pepper et al.
(2008), for example, indicated that total and available soil phosphate
significantly increased in the soil, particularly near the surface, after land
application of biosolids in Arizona. A similar increase in soil phosphate
was reported by Mantovi et al. (2005) in the Po Valley of Italy and
Brendecke et al. (1993) in Arizona. Mantovi et al. (2005) found organic
matter (OM) and total nitrogen (N) increased in the soil after the ap-
plication of biosolids. An increase in soil organic carbon (C) after land
application of biosolids was reported by Gibbs et al. (2006) and Mantovi
et al. (2005). In western Washington, biosolids were observed to increase
soil organic C by 2–5 g kg−1 and P by 300–600mg kg−1 (Cogger et al.,
2001). Enrichment of the soil in metals or other elements caused by
biosolid applications can also be affected by tillage management.
Mallmann et al. (2014), for example, found Cu concentrations at
threshold values in the topsoil after 86 years of applying pig slurry, but
only when using no-tillage versus more intensive tillage practices. Metal
concentrations attained threshold values in the topsoil under no-tillage
due to non-inversion of the topsoil suppressing movement of metals to
deeper layers. Lavado et al. (2001) found tillage (no tillage versus con-
ventional tillage) affected the vertical distribution of metals, but not
nutrients, in the soil profile of soybean, wheat and maize cropping sys-
tems in Argentina. They reported tillage practices affected root absorp-
tion of metals and thus their distribution in the soil profile.

In the Columbia Plateau region of the Pacific Northwest United
States, wind erosion threatens sustainable agriculture and environ-
mental quality as a result of removing topsoil and emitting fine parti-
culate matter into the atmosphere. Wind erosion is most evident in the
low precipitation zone (< 300mm annual precipitation) where 1.5
million ha are managed in a WW-SF rotation. Scant precipitation, low
biomass production, fragile soils, and tillage-based summer fallow
contribute to the erodibility of agricultural land in this zone. Fine
particulate matter is emitted from soils into the atmosphere primarily
during the fallow phase of the rotation and has negatively impacted air
quality since the US EPA began regulating atmospheric fine particulate
(particles≤ 10 µm in aerodynamic diameter or PM10) concentrations
in 1987 (Sharratt and Lauer, 2006; Sharratt and Edgar, 2011). Wind
erosion not only removes fine particulate matter from the surface, but
could potentially transport surface-applied biosolids offsite without
proper application and management (Pi et al., 2018).

We are not aware of published reports documenting emissions of
metals or nutrients in windblown sediment after applying biosolids to
agricultural lands. The purpose of this study was to determine the
concentrations of metals and nutrients in windblown dust associated
with biosolids applications to a field maintained in a WW-SF rotation.
Our primary focus was on elements that are of environmental concern

when applying biosolids to land.

2. Materials and methods

2.1. Field site description

This field experiment was conducted in 2015 and 2016 at the
Washington State University Dryland Research Station located near
Lind, Washington (47°00′N, 118°34′W). The Station is located in the
low-precipitation zone of the Columbia Plateau and receives
242mm y−1 of precipitation. Agriculture is the main industry and WW-
SF is the dominant crop rotation throughout this precipitation zone.

Two sets of plots were established at the Lind Station so that both
the wheat and fallow phases of the WW-SF rotation were present every
year. The 2015 set of plots was established on a Ritzville silt loam (13%
clay, 60% silt, 27% sand and 0.7% organic matter) which has a mean
particle diameter of 24 μm. The 2016 set of plots was established on a
Shano silt loam (10% clay, 55% silt, 34% sand and 1.0% organic
matter) which has a mean particle diameter of 36 μm. Both soil types
are highly susceptible to wind erosion which is exacerbated by little
precipitation, low crop biomass production, and multiple tillage op-
erations during the fallow phase of the rotation. High winds typically
occur in March-April and September-October and coincide with pri-
mary tillage in spring and sowing winter wheat in late summer.

Tillage and fertilizer treatments were applied during the fallow
phase of the rotation. The fallow phase of the rotation began after
wheat harvest in July and ended 13months later with sowing winter
wheat in early September. Plots remained undisturbed after harvest
until primary tillage the following spring. Treatments were applied in a
split-block experimental design with four replications. Tillage was the
main plot factor and fertilizer was the subplot factor. Primary tillage
treatments were traditional tillage (hereafter referred to as disk tillage)
using a tandem disk implement and conservation tillage (hereafter re-
ferred to as undercutter tillage) using an undercutter implement with
0.8 m wide sweeps. The disk and undercutter implement respectively
mix and cut parallel to the surface without inverting the soil to a depth
of 0.1m. A rodweeder, which was set to a depth of 0.1m, was used to
control weeds between primary spring tillage and sowing winter wheat.
Fertilizer treatments were applied at the time of primary spring tillage
and included the use of synthetic or biosolids fertilizer. Size of in-
dividual main plots was 76×8m and subplots 38× 8m.

Class B biosolids, obtained from the King County Wastewater
Treatment Division (Seattle, Washington), were applied at a rate of
6508 kg ha−1 (dry weight) to both the disk and undercut treatments
during the fallow phase of the rotation. Biosolids were applied using a
manure spreader to the 2015 set of experimental plots on 4 May 2015
and to the 2016 set of experimental plots on 19 April 2016. Biosolids
were spread on the plots at a rate to meet the nutrient requirements for
two winter wheat crops. Thus, experimental plots used in 2015 received
their first application of biosolids in 2011 and experimental plots used
in 2016 received their first application of biosolids in 2012. Biosolids
were incorporated into the soil to a depth of 0.1 m using disk or un-
dercutter tillage.

Synthetic fertilizer was applied as liquid aqua NH3-N plus thiosol S
at a rate of 56 kg N plus 11 kg S ha−1 to both the disk and undercut
treatments to meet the nutrient requirements of one winter wheat crop.
Thus, experimental plots received an application of synthetic fertilizer
every other year. Synthetic fertilizer was injected into the soil at a depth
of 0.1 m during primary spring tillage with the undercutter implement.
In the disk treatment, synthetic fertilizer was applied to the soil surface
and then incorporated into the soil to a depth of 0.1m. Fertilizer
treatments were applied to plots on 4 May 2015 and 19 April 2016. In
2015, experimental plots were rodweeded to a depth of 0.1m on 15
June and sown to wheat on 8 September using a deep furrow grain drill.
In 2016, plots were rodweeded on 3 June and 10 July and sown to
wheat on 2 September.

H. Pi et al. Aeolian Research 32 (2018) 102–115

103



Dates of field operations and subsequent deployment of the wind
tunnel in collecting windblown sediment are summarized in Table 1.

2.2. Windblown sediment collection

A portable wind tunnel (Pietersma et al., 1996) was used to simulate
wind erosion processes that naturally occur in the field. Windblown
sediment was collected from tillage and fertilizer treatments using the
wind tunnel on 18 June and 10 September 2015 and on 6 June and 7
September 2016. These dates were selected based on the date of ferti-
lizer application, guidelines concerning re-entry time after biosolids
application, and soil being most susceptible to wind erosion after tillage
in spring and sowing winter wheat in late summer (Papendick, 2004).
No precipitation occurred between rodweeding or sowing and collec-
tion of windblown sediment, except after sowing wheat in 2016. Al-
though 0.2mm of precipitation occurred on 6 September 2016, which
was four days after sowing wheat and one day prior to our wind tunnel
study, this trace amount of precipitation did not affect soil moisture or
formation of a soil crust that may otherwise affect wind erosion
(Sharratt et al., 2013; Sharratt and Vaddella, 2014).

The portable wind tunnel has a working section of 7.3 m long, 1.2m
high and 1.0m wide. Airborne sediment was collected and wind speed
was measured at a distance of 5.4m downwind of the leading edge of
the working section. Sediment was collected using an isokinetic slot
sampler (Stetler et al., 1997) and wind speed was measured using pitot
tubes. The sampler, which consists of a motor and cyclone, traps sedi-
ment in saltation and suspension to a height of 0.75m above the soil
surface. Sediment trapped by the cyclone assembly was deposited into a
zip-lock plastic bag. The slot sampler was calibrated in the wind tunnel
prior to the experiment to ensure isokinetic conditions at a free stream
wind speed of 16m s−1 inside the tunnel. Wind speed was measured at
six heights ranging from 0.04 to 0.6m above the surface. The wind
tunnel was operated at a free-stream wind speed of 16m s−1 at a height
of 1m as this speed recurs every two years in the region (Wantz and
Sinclair, 1981).

Aerodynamic surface characteristics, namely friction velocity ( ∗u )
and aerodynamic roughness (zo), were assessed from wind speed profile
data according to:

⎜ ⎟= ⎛
⎝
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where uz is mean wind speed (m s−1) at height z (m) and k is the
von Karman constant (0.4). Friction velocity and zo were determined
from best-fit linear regression of the natural log of (z) versus uz using
wind speed data from three to four heights within the boundary layer. A
high degree of linearity (R2 > 0.95) indicated measurements were
made in the boundary layer.

Windblown sediment was collected over a 10-min sampling period
representative of active saltation conditions that normally occur in the
field during high wind events. To achieve saltation activity character-
istic of field conditions inside the wind tunnel, an abrader (sand par-
ticles 250–500 µm in diameter) was introduced into the airstream using
a metered feeding system. Abrader was introduced into the airstream at
a constant rate of 0.5 gm−1 s−1 as this rate typifies the flux of soil
during high winds across the Columbia Plateau (Sharratt et al., 2007).
Sediment transport inside the wind tunnel is supplied-limited under
limited saltation conditions but not supply-limited under active salta-
tion conditions (Sharratt et al., 2010).

2.3. Biosolids and soil sample collection

Biosolids were stockpiled adjacent to our experimental plots upon
delivery to the Dryland Research Station. A front-end tractor loader was
then used to transfer the biosolids from the stockpile into a manure
spreader for application to the plots. Biosolids samples (∼0.5 kg) were
collected directly from the stockpile and placed in plastic bags, air-
dried, and then processed for chemical analyses. Soil samples (∼1 kg)
were collected from the upper 30mm of the soil profile at three loca-
tions in each plot using a flat-bladed shovel. Soil samples were collected
at the same time the wind tunnel was used to assess wind erosion po-
tential of each treatment. The samples were placed in plastic bags, air-
dried, and processed for chemical analyses.

2.4. Chemical analyses

Windblown sediment, soil, biosolids, and abrader samples were
processed for chemical properties by the University of Idaho Analytical
Sciences Laboratory which supports research conducted by universities,
state and federal agencies, and industry. Samples were analyzed for
heavy metal concentrations regulated by the USEPA, including As, Cd,
Cr, Cu, Hg, Mo, Ni, Pb, Se, and Zn. Macronutrient analyses were per-
formed for C, calcium (Ca), potassium (K), magnesium (Mg), N, P, and
Sulfur (S) while micronutrient analyses were performed for cobalt (Co),
iron (Fe), Mn, and vanadium (V). For the purpose of this study, C was
considered a nutrient in accordance with Hamilton et al. (2001).

We used 1.0 g of soil, biosolids and abrader, and 0.5 g of windblown
sediment for analyses of As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Se, V,
and Zn by ICP-MS (Hewlett Packard 4500 Series ICP-MS Plus) and for
analyses of Ca, Fe, K, Mg, P, and S by ICP (Leeman 200). Carbon and N
content were determined by combustion of 0.5 g soil, biosolids, abrader
(sand) and windblown sediment samples using a combustion analyzer
(LECO CNS 2000). The reporting limit for each element was determined
by the lowest concentration at which we could obtain 90–110% re-
covery of a spiked solution and < 0% relative standard deviation on
replicate analyses. The reporting limits were 0.075 µg g−1 for Cd, Co,
Hg, Mn, and Pb; 0.38 µg g−1 for As, Cr, Mo, and Se; 0.75 µg g−1 for Mg;
1.9 µg g−1 for Cu, Ni, V, and Zn; 3.8 µg g−1 for Fe; 7.5 µg g−1 for Ca;
38 µg g−1 for K and P; 75 µg g−1 for S; 100 µg g−1 for N; and 200 µg g−1

for C.

2.5. Statistical analysis

Chemical characteristics of soil and windblown sediment samples
collected from tillage and fertilizer treatments were analyzed for dif-
ferences using Analysis of Variance (ANOVA). Prior to performing an
ANOVA, the data were examined for homogeneity of variance across
treatments and normalcy of distribution within treatments.
Homogeneity of variance was tested using residual plots and normalcy
of distribution was tested using the normal probability plot in SPSS
(SPSS Statistics 20.0, The SPSS Inc., Chicago, IL). If the data did not
meet these criteria, the data were transformed. For significant F-values
(P≤ 0.05), differences among treatment means were separated using
paired-samples t test.

Table 1
Field operations performed during the summer fallow phase of a winter wheat-summer
fallow rotation and prior to assessing wind erosion potential of tillage and fertilizer
treatments using a wind tunnel.

Year Date Field operations

2015 22 July (2014) Harvest winter wheat
4 May
15 June

Apply fertilizer/tillage treatments
Rodweed

18 June Wind tunnel experiment
8 September Sow winter wheat
10 September Wind tunnel experiment

2016 20 July (2015)
19 April
3 June

Harvest winter wheat
Apply fertilizer/tillage treatments
Rodweed

6 June
10 July
2 September
7 September

Wind tunnel experiment
Rodweed
Sow winter wheat
Wind tunnel experiment
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3. Results and discussion

3.1. Heavy metal concentrations

3.1.1. Soil metal concentrations
Concentrations of heavy metals in the soil on days we collected

windblown sediment during this study are shown in Fig. 1. Windblown
sediment was collected after rodweeding (June) and sowing wheat
(September) during the summer fallow phase of a WW-SF rotation in
2015 and 2016. Metal concentrations for disk and undercutter tillage
treatments subject to applications of biosolids and synthetic fertilizer
could not be determined for all metals due to concentrations being near

the reporting limit. For example, Se, Mo, and Hg concentrations were at
or below the reporting limit in soil after rodweeding and sowing wheat
both years (Fig. 1).

Heavy metal concentrations in soil were higher for undercutter than
disk tillage (Table 2). For example, Cd and Zn concentrations in soil
were 12–14% higher for undercutter than disk tillage after rodweeding
in June 2015 and/or 2016. Likewise, Hg concentration in soil was
108% higher for undercutter than disk tillage after sowing wheat in Sep
2015. Tillage appeared to have only minimal influence on heavy metal
concentrations as no other differences in heavy metal concentrations in
soil were found between tillage treatments. However, a significant in-
teraction between tillage and fertilizer treatments was found for Cr

Fig. 1. Measured heavy metal concentrations in soil and windblown sediment from synthetic (S) and biosolids (B) fertilizer treatments applied to disk (D) and undercutter (U) tillage
treatments during 2015 and 2016. The bars represent standard deviation of the mean.
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concentrations in soil in Jun 2016. On this date, Cr concentrations in
soil were nearly the same for the biosolids and synthetic fertilizer
treatments subject to disk tillage but higher for the biosolids than
synthetic fertilizer treatment subject to undercutter tillage. Soil metal
concentrations may be higher for undercutter tillage due to minimal
inversion and disturbance of the soil surface compared with disk tillage.
Disk tillage aggressively mixes the soil in the upper 0.1m of the profile
and thus likely was the main reason for lower metal concentrations
found in disk than undercutter tillage. Based upon soil samples col-
lected in the upper 30mm of the profile and differences in soil mixing,
we expected tillage to impact concentrations of most heavy metals. We
are unable to explain the similarity in concentrations of metals other
than Cd, Hg, and Zn between tillage treatments, although there is a
tendency (not significant) for higher metal concentrations in soil for
undercutter than disk tillage across sample dates (Table 2).

Differences in heavy metal concentrations in soil were more ap-
parent between fertilizer than tillage treatments. This is exemplified by
Hg, Cd, Cr, Zn, Ni, Pb, and Cu concentrations in soil being higher for the
biosolids than synthetic fertilizer treatment on one or more sample
dates in 2015 and/or 2016. In fact, Zn and Pb concentrations in soil
were significantly higher (5–27%) for biosolids than synthetic fertilizer
on both sample dates in 2015 and 2016. Arsenic concentrations in soil,
however, did not differ between tillage or fertilizer treatments on any

sample dates in 2015 and 2016.
Averaged across the four sample dates and tillage and fertilizer

treatments, Hg, Cd, Cr, Zn, and Pb concentrations in soil were higher
than those reported in a previous study conducted in Arizona by Paez-
Rubio et al. (2006). In our study, concentrations in the soil were 160, 5,
297, 2, and 8% higher for respectively Hg, Cd, Cr, Zn, and Pb. In
contrast, Ni and Cu concentrations in soil were respectively 72 and 27%
lower than those reported by Paez-Rubio et al. (2006).

Metal concentrations in soil were likely influenced by metal con-
centrations in biosolids that were applied to the soil. Metal con-
centrations in biosolids applied to experimental plots in 2015 and 2016
are shown in Table 3 and were consistently higher than concentrations
measured in soil. In fact, Cd, Zn, Pb, and Cu concentrations were at least
an order of magnitude higher in biosolids than in soil both years. As for
other metals, Hg, Cr, Ni, and As concentrations were at least 100%
higher in biosolids than in soil. Since metal concentrations in soil were
higher in the biosolids than synthetic fertilizer treatment (Table 2),
biosolids appeared to enrich the soil in heavy metals as compared to
synthetic fertilizer.

3.1.2. Sediment metal concentrations
The abrader (sand) trapped, along with the sediment, by the slot

sampler had elemental concentrations near or below the reporting limit

Table 2
Heavy metal concentrations in soil and windblown sediment as influenced by tillage and fertilizer treatments during 2015 and 2016.

Metals1 SampleDate (month-year) Concentration (μg g−1)

Soil Sediment

Tillage Fertilizer Tillage Fertilizer

Disk Under-cutter Synthetic Biosolid Disk Under-cutter Synthetic Biosolid

Hg Jun-15 – – – – – – – –
Sep-15 0.12a2 0.25b 0.16a 0.20b – – – –
Jun-16 – – – – – – – –
Sep-16 – – – – – – – –

Cd Jun-15 0.14a 0.16b 0.13a 0.16b – – – –
Sep-15 – – – – – – – –
Jun-16 0.16a 0.18b 0.15a 0.19b – – – –
Sep-16 0.15a 0.16a 0.14a 0.14a – – – –

Cr Jun-15 13.1a 14.4a 13.0a 14.5a 63.4a 71.2a 69.1a 65.5a
Sep-15 17.2a 17.0a 17.2a 17.0a 76.8a 64.6a 72.9a 68.5a
Jun-16 11.6a 12.0a 11.1a 12.5b 43.5a 45.6a 45.5a 43.3a
Sep-16 14.7a 14.5a 14.2a 15.0a 32.0a 32.8a 31.8a 33.0a

Zn Jun-15 42.5a 48.6b 41.2a 49.9b 42.0a 47.6a 42.9a 46.8a
Sep-15 47.9a 49.8a 47.6a 50.0b 41.6a 38.2a 39.1a 40.8a
Jun-16 45.8a 48.0a 41.2a 52.5b 49.5a 47.1a 48.2a 48.6a
Sep-16 49.7a 50.3a 44.2a 55.8b 45.7a 44.0a 44.0a 45.7a

Ni Jun-15 10.8a 11.6a 10.6a 11.8a 36.9a 40.2a 39.2a 37.9a
Sep-15 12.4a 12.5a 12.6a 12.2a 39.6a 34.9a 38.5a 36.0a
Jun-16 10.8a 10.8a 10.3a 11.2b 26.1a 25.9a 27.4a 24.4a
Sep-16 11.0a 10.7a 10.5a 11.2a 19.8a 19.3a 18.8a 20.3a

Pb Jun-15 6.4a 7.2a 6.2a 7.5b 21.4a 27.4b 25.2a 23.5a
Sep-15 8.6a 9.0a 8.4a 9.2b 23.6a 22.0a 23.5a 22.1a
Jun-16 6.9a 7.2a 6.4a 7.7b 19.5a 21.3a 17.5a 17.7a
Sep-16 8.1a 8.3a 7.5a 8.9b 14.3a 16.2a 14.2a 16.3a

Cu Jun-15 16.8a 19.0a 15.9a 19.9a 23.1a 40.9b 30.2a 33.8a
Sep-15 17.0a 17.5a 16.9a 17.6a 19.9a 19.2a 20.6a 18.5a
Jun-16 18.6a 20.0a 16.6a 22.0b 21.5a 38.4a 28.2a 30.7a
Sep-16 20.0a 21.3a 17.8a 23.5b 17.2a 16.7a 16.2a 17.7b

As Jun-15 3.0a 3.3a 2.9a 3.4a 2.6a 2.4a 2.4a 2.6a
Sep-15 3.6a 3.6a 3.6a 3.6a 2.3a 1.7b 1.9a 2.2a
Jun-16 – – – – – – – –
Sep-16 2.3a 2.3a 2.2a 2.4a 2.4a 1.9a 1.9a 2.3a

- Below reporting limit
1 Se and Mo were below reporting limit on all dates
2 Tillage or fertilizer means followed by the same letter on a given date are not significantly different at P < 0.05
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of most elements (Table 3). The relatively low concentration of che-
mical elements in the abrader initially suggests the abrader had little
influence on the elemental concentrations in windblown sediment.
However, the rate of abrader introduced into the air stream likely had
some influence on the chemical composition of windblown sediment
because low elemental concentrations in abrader would dilute ele-
mental concentrations of sediment trapped by the slot sampler. The
amount of abrader trapped by the slot sampler was dependent on both
the rate of abrader introduced into the air stream and the amount of
abrader trapped by surface roughness elements or that infused the soil
surface during saltation. Although abrader likely diluted to some extent
the elemental concentrations in the sediment trapped by the slot sam-
pler, the rate of abrader introduced into the air stream remained con-
stant during our experiment. In addition, we found no differences in
aerodynamic roughness of the surface, and thus in capabilities of
trapping abrader at the surface, between tillage or fertilizer treatments
(Table 4). Pi et al. (2018), however, reported differences in crop residue
characteristics between tillage treatments that may affect trapping of
abrader on the soil surface. Based upon similarities in abrader rate and
aerodynamic properties of the surface between tillage or fertilizer
treatments, the chemical composition of windblown sediment would be
highly dependent on the chemical composition of soil and associated
treatment effects.

Fertilizer and tillage treatments had little impact on EPA-regulated
heavy metal concentrations in windblown sediment except for Pb and
Cu (Table 2). Elemental concentrations of Pb and Cu in sediment were

respectively 28 and 77% higher for undercutter than disk tillage in Jun
2015. Although sediment emitted from undercutter tillage had higher
Pb and Cu concentrations than sediment emitted from disk tillage, Pb
and Cu concentrations in soil was the same for tillage treatments in Jun
2015 (Table 2).

Copper concentrations in sediment were also higher (9%) for bio-
solids than synthetic fertilizer in Sep 2016. This difference in sediment
Cu concentrations coincided with the difference in soil Cu concentra-
tion between fertilizer treatments in Sep 2016. Thus, on this particular
date, differences in soil Cu concentration between fertilizer treatments
appeared to influence windblown sediment Cu concentration. Biosolids
application may have only influenced Cu concentrations in both soil
and sediment because Pb and Cu are more strongly adsorbed into the
soil matrix than mobile heavy metals such as Cd, Zn, and Ni (Antoniadis
et al., 2007). Adsorption of Cu into the matrix of finer soil aggregates
may have elevated Cu concentrations of windblown sediment.

An interaction between tillage and fertilizer treatments was also
observed for Cu concentrations in windblown sediment in Sep 2016. On
this date, sediment Cu concentrations were the same for the biosolids
and synthetic fertilizer treatments subject to disk tillage but higher for
the biosolids than synthetic fertilizer treatment subject to undercutter
tillage. We also found an interaction between tillage and fertilizer
treatments for sediment Zn concentrations in Jun 2015. On this date,
windblown sediment Zn concentrations were lower for the biosolids
than synthetic fertilizer treatment subject to disk tillage but higher for
the biosolids than synthetic fertilizer treatment subject to undercutter
tillage.

Although the application of biosolids enriched the soil in Hg, Cd, Cr,
Zn, Ni, Pb, and Cu, this enrichment had little effect on metal con-
centrations in windblown sediment (Table 2). We found no differences
in wind erosion potential (Pi et al., 2018) and surface characteristics
that control wind erosion processes (Table 4; Pi et al., 2018) between
fertilizer treatments both years. Therefore, the lack of differences in the
chemical composition of windblown sediment between treatments
suggest similarity in the chemical composition of the erodible fraction.
Sharratt (2011) reported that the saltation and suspension fraction of
eroding Ritzville silt loams and Shano silt loams in the Columbia Pla-
teau was largely (99%) comprised of particles < 100 µm in diameter
with a geometric mean diameter ranging from about 20–35 µm. Thus,
provided the erodible fraction of treatments had the same chemical
composition, enrichment of the soil in metals for the biosolids treat-
ment must result from enrichment of larger soil aggregates in metals.
This concurs with Minkina et al. (2011) who found enrichment of Cu,
Pb, and Zn in larger rather than smaller soil particles. In contrast, Ljung
et al. (2006) found heavy metals to be adsorbed or accumulate in the
smaller soil aggregate size fraction while Chaves and Tito (2011) found
no influence of soil particle size on adsorption of heavy metals. Despite
these conflicting findings concerning the influence of soil particle size
on adsorption of heavy metals, the adsorption process is influenced by
many factors such as soil moisture, residence time, and pH (Bradl,
2004). The lack of moisture in this semi-arid environment and short
residence time since the application of biosolids may slow the

Table 3
Elemental concentrations in biosolids and abrader (sand).

Element Biosolid concentration (µg g−1) Sand
concentration (µg g−1)

2015 2016 Jun-15 Sep-15 Jun-16 Sep-16

Se 5.9 4.8 – – – –
Mo 8.8 7.0 – – – –
Hg 1.0 3.8 – 0.10 – –
Cd 2.2 1.7 – – – –
Cr 34.8 32.6 0.38 – – 0.85
Zn 899 763 – – – –
Ni 30.4 24.9 – – – –
Pb 95.3 91.1 0.25 – 0.17 0.36
Cu 385 342 – – – –
As 6.1 5.0 – – – –
S 10,030 8190 87.0 – – –
P 18,930 18,600 – – – –
N 53,000 55,400 – – – –
Mg 5070 7660 2.2 1.6 14.5 18.0
K 1320 1480 – – – –
Ca 22,400 17,800 – – 63.5 40.5
C 207,000 240,000 – – – –
Co 5.7 5.0 – – – 0.11
V 32.5 27.0 – – – –
Mn 1280 951 0.10 0.64 1.8 3.8
Fe 19,000 18,000 400 370 135 280

- Below reporting limit

Table 4
Friction velocity and aerodynamic roughness of tillage and fertilizer treatments on four measurement dates in 2015 and 2016.

Measurement date Friction velocity (m s−1) Aerodynamic roughness (mm)

Tillage Fertilizer Tillage Fertilizer

Disk Undercutter Synthetic Biosolid Disk Undercutter Synthetic Biosolid

Jun-15 1.08a1 1.07a 0.99a 1.16a 2.10a 2.18a 1.37a 2.91a
Sep-15 0.77a 0.76a 0.78a 0.75a 0.42a 0.39a 0.36a 0.44a
Jun-16 0.95a 1.06a 1.06a 0.94a 1.90a 2.90a 3.17a 1.63a
Sep-16 0.77a 0.79a 0.79a 0.77a 0.59a 0.52a 0.54a 0.57a

1 Tillage or fertilizer means followed by the same letter on a given date are not significantly different at P < 0.05
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adsorption process and enrichment of the fine soil aggregate size frac-
tion in this study (Dube et al., 2001; Selim, 2013; Shariff and Esmail,
2012).

Paez-Rubio et al. (2006, 2007) modeled aerosol exposure based
upon the relationship between biosolids and aerosol elemental con-
centrations. They used this framework for estimating aerosol elemental
concentration and emission rates from a knowledge of biosolids ele-
mental concentration. Using a similar approach, we evaluated the re-
lationship between sediment or soil heavy metal concentration and
biosolids metal concentration (Fig. 2). The positive relationship suggest
metal concentrations in soil and sediment increased with an increase in
metal concentration in biosolids. The coefficient of determination be-
tween soil metal concentration and biosolids metal concentration
was≥0.75 across all sample dates, indicating that metal concentration
in biosolids was a good predictor of soil metal concentrations. Metal
concentration in biosolids, however, was not always a good predictor of
sediment metal concentration as the coefficient of determination varied
from 0.27 to 0.73 across sample dates (Fig. 2). Averaged across all
elements, metal concentrations in soil were 77% less than in biosolids

and 27% less than in windblown sediment.
Paez-Rubio et al. (2006) reported that aerosol emissions associated

with disking biosolids into the soil were approximately two times
greater than emissions associated with surface applying dewatered or
liquid biosolids. Similarly, we evaluated the influence of tillage on soil
metal concentrations. On average, metal concentrations in soil and
windblown sediment were 5% greater for undercutter tillage than disk
tillage. Although both tillage treatments disturbed the soil to a depth of
0.1 m, disk tillage more aggressively mixed the soil by overturning the
soil whereas undercutter tillage slices horizontally beneath the surface
without inverting the soil. Therefore, undercutter tillage retains more
biosolids on the soil surface than disk tillage. This greater retention of
biosolids on the surface may be one reason for the higher soil metal
concentration in the undercutter than the disk tillage treatment.

3.2. Macronutrient and micronutrient concentrations

Concentration of macronutrients in the soil is shown in Fig. 3. No
differences in macronutrients in soil were found between tillage

Fig. 2. Relationship between biosolids heavy metal concentration and sediment or soil metal concentration.
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Fig. 3. Measured macronutrient concentrations in soil and windblown sediment from synthetic (S) and biosolids (B) fertilizer treatments applied to disk (D) and undercutter (U) tillage
treatments during 2015 and 2016. The bars represent standard deviation of the mean.
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treatments except P, N and C in Jun 2015 and P and C in Sep 2015
(Table 5). Differences in soil macronutrient concentrations were more
apparent between fertilizer than tillage treatments with differences in S,
P, N, Ca, and C concentrations between fertilizer treatments found on
one or more dates over the two years. No differences in soil Mg and K
concentrations were found, however, between fertilizer treatments on
any sample date. Macronutrient concentrations in soil were likely in-
fluenced by macronutrient concentrations in biosolids applied to the
soil. For example, S, P, N, and C concentrations were nearly one to two
orders of magnitude higher in biosolids than in soil both years. In
contrast, Mg and Ca concentrations were no more than 670% higher in
biosolids than in soil and K concentrations were higher in soil than in
biosolids both years. Since soil S, P, N, and C concentrations were
higher in the biosolids than synthetic fertilizer treatment (Table 5),
biosolids enriched the soil in these nutrients as compared to synthetic
fertilizer. On dates in which soil S, P, N, Ca, and C concentrations were
significantly different between biosolids and synthetic fertilizer treat-
ments, macronutrient concentrations ranged from 9 to 97% higher for
the biosolids treatment. Similar results were found by Pepper et al.
(2008), who observed higher soil C, N, and, in particular, P con-
centrations in soil amended with biosolids in Arizona.

Differences in windblown sediment macronutrient concentrations
were apparent between both tillage and fertilizer treatments on one or
more sample dates based on the ANOVA (Table 5). However, in contrast
to soil elemental concentrations, windblown sediment P, N, Mg, K, Ca,
and C concentrations were higher for disk than undercutter tillage.
Differences in sediment P concentrations between tillage treatments

were dependent on fertilizer treatments, at least for Jun 2015. On this
date, an interaction between tillage and fertilizer treatments was found
for windblown sediment P concentrations where P concentrations were
nearly the same for biosolids and synthetic fertilizer treatments subject
to disk tillage but higher for the biosolids than synthetic fertilizer
treatment subject to undercutter tillage. For dates in which sediment
macronutrient concentrations were significantly different between til-
lage treatments, macronutrient concentrations ranged from 12 to 37%
higher for the disk than undercutter treatment. This was unexpected
since sediment elemental concentrations are assumed to be closely re-
lated to soil elemental concentrations. For example, higher soil P and N
concentrations for the biosolids treatment resulted in higher windblown
sediment P and N concentrations in the biosolids than synthetic ferti-
lizer treatment. This relationship was not observed for soil and sedi-
ment Ca concentration in Jun 2016. On this date, although soil Ca
concentration was 9% higher for the biosolids than synthetic fertilizer
treatment, sediment Ca concentration was 14% higher for the synthetic
than biosolids fertilizer treatment. We also observed that windblown
sediment Mg and K concentrations in Jun 2016 were also higher for
synthetic than biosolids fertilizer treatment.

The higher sediment macronutrient concentrations for disk tillage
may be due to greater dispersion of fertilizer associated with disk tillage
versus undercutter tillage. Biosolids were applied using a manure
spreader, usually in the form of large aggregates. Disk tillage fractures
and disperses these biosolids aggregates in the soil more so than un-
dercutter tillage. Thus, there may be greater opportunity to abrade and
disperse biosolids aggregates in disk as compared with undercutter

Table 5
Macronutrient concentrations in soil and windblown sediment as influenced by tillage and fertilizer treatments during 2015 and 2016.

Element Sample date Concentration (μg g−1)

Soil Sediment

Tillage Fertilizer Tillage Fertilizer

Disk Undercutter Synthetic Biosolid Disk Undercutter Synthetic Biosolid

S Jun-15 105a1 153a 87a 171b 205a 223a 211a 216a
Sep-15 331a 320a 301a 350b – – – –
Jun-16 – – – – – – – –
Sep-16 167a 177a 122a 222b – – – –

P Jun-15 696a 796b 654a 839b 553a 470b 496a 526a
Sep-15 734a 790b 713a 811b 538a 485a 473a 550b
Jun-16 871a 948a 779a 1040b 643a 470b 580a 542a
Sep-16 942a 957a 793a 1105b 772a 782a 730a 823b

N Jun-15 616a 866b 579a 904b 373a 348a 306a 413b
Sep-15 610a 748a 559a 799b 390a 415a 303a 502b
Jun-16 1085a 1043a 753a 1375b 453a 336b 438a 353a
Sep-16 927a 1082a 775a 1233a 637a 590a 560a 667a

Mg Jun-15 3738a 3913a 3738a 3913a 3013a 2563b 2775a 2800a
Sep-15 4013a 4075a 4050a 4038a 3037a 2713b 2750a 3000a
Jun-16 3575a 3588a 3563a 3600a 2663a 2129b 2613a 2186b
Sep-16 3667a 3617a 3533a 3750a 3200a 3100a 3100a 3200a

K Jun-15 2725a 2950a 2788a 2888a 2013a 1763b 1925a 1850a
Sep-15 2925a 2975a 2950a 2950a 2000a 1850a 1863a 1988a
Jun-16 2663a 2788a 2725a 2725a 2000a 1600b 1963a 1643b
Sep-16 2750a 2817a 2733a 2833a 2350a 2217a 2250a 2317a

Ca Jun-15 2913a 3113a 2900a 3125a 2263a 1963b 2112a 2112a
Sep-15 3338a 3350a 3288a 3400a 2475a 2138b 2213a 2400a
Jun-16 2963a 3088a 2900a 3150b 2313a 1857b 2225a 1957b
Sep-16 3083a 3117a 2983a 3217a 2700a 2700a 2683a 2717a

C Jun-15 6350a 8438b 6588a 8200a 4800a 5275a 4787a 5287a
Sep-15 5938a 7363b 5963a 7338a 4775a 5163a 4225a 5713b
Jun-16 9500a 9438a 7350a 11588b 5513a 4171b 5100a 4643a
Sep-16 8000a 10133a 7650a 10483b 5883a 5400a 5417a 5867a

- Below reporting limit
1 Tillage or fertilizer means followed by the same letter on a given date are not significantly different at P < 0.05
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tillage. We also observed higher heavy metal concentrations in sedi-
ment for disk versus undercutter tillage, but only for As (Table 2).

Soil micronutrient concentrations are shown in Fig. 4. No differ-
ences in soil micronutrient concentrations were found between tillage
treatments based on the ANOVA (Table 6). Differences in soil micro-
nutrient concentrations were observed, however, between fertilizer
treatments with concentrations higher for the biosolids than synthetic
fertilizer treatment. Soil Co concentration was 4% higher for the bio-
solids treatment in Jun 2016 whereas soil Mn concentration was 6%
higher for the biosolids treatment in Jun and Sep 2016. An interaction
between tillage and fertilizer treatments was found for soil Mn con-
centrations in Jun 2016. On this date, soil Mn concentrations were

nearly the same for disk and undercutter tillage with the application of
synthetic fertilizer but was higher for undercutter than disk tillage with
the application of biosolids. An interaction between tillage and fertilizer
treatments was also found for soil V concentrations in Jun 2016. On this
date, soil V concentrations were lower for the biosolids than synthetic
fertilizer treatment subject to disk tillage but higher for the biosolids
than synthetic fertilizer treatment subject to undercutter tillage.

Windblown sediment micronutrient concentrations were higher for
disk than undercutter tillage on all samples dates except Sep 2016
whereas concentrations were higher for synthetic than biosolids ferti-
lizer treatment but only in Jun 2016 (Table 6). For these dates, sedi-
ment micronutrient concentrations ranged from 14 to 53% higher for

Fig. 4. Measured micronutrient concentrations in soil and windblown sediment from synthetic (S) and biosolids (B) fertilizer treatments applied to disk (D) and undercutter (U) tillage
treatments during 2015 and 2016. The bars represent standard deviation of the mean.
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disk than undercutter tillage while sediment concentrations ranged
from 17 to 22% higher for the synthetic than biosolids fertilizer. An
interaction between tillage and fertilizer treatments was found for se-
diment Co and Mn concentrations in Jun 2015. On this date, Co and Mn
concentrations were higher for the biosolids than synthetic fertilizer
treatment subject to undercutter tillage but lower for biosolids than
synthetic fertilizer treatment subject to disk tillage. These results are
comparable to those found for soil and sediment macronutrients.

3.3. Metal and nutrient loss

Metal, macronutrient and micronutrient loss from experimental
plots was calculated based on sediment elemental concentration and
total soil loss from plots. Total soil loss was calculated as the ratio of
mass of sediment trapped by the slot sampler over the 10-min sampling
period to the length of the soil surface exposed to wind inside the wind
tunnel. Soil loss from the tillage and fertilizer treatments has been re-
ported by Pi et al. (2018). Loss of Se, Mo, Hg, and Cd could not be
determined on any date and loss of As and S could not be determined
for at least one date due to sediment elemental concentrations being
below the reporting limit on those dates. Otherwise, loss of EPA-regu-
lated heavy metals ranged from 0.04mgm−2 min−1 for As in Jun 2015
to 9.4mgm−2 min−1 for Zn in Sep 2016 (Table 7). Similarly, loss of
macronutrients ranged from 3.3 mgm−2 min−1 for S in Jun 2015 to
1210.1 mgm−2 min−1 for C in Sep 2016 whereas loss of micronutrients
ranged from 0.07mgm−2 min−1 for Co in Jun 2015 to
3531.2 mgm−2 min−1 for Fe in Sep 2016. Maximum elemental loss
occurred in Sep 2016, which corresponds to the date of maximum soil
loss.

Regression analysis of the relationship between metal loss from
undercutter and disk tillage or biosolids and synthetic fertilizer treat-
ments indicated that heavy metal loss from undercutter tillage was
lower than from disk tillage on all dates whereas metal loss from bio-
solids and synthetic fertilizer treatments was similar on all dates except
for Sep 2015 (Fig. 5). On this date, metal loss was higher from the
biosolids than synthetic fertilizer treatment. Averaged across the four
sample dates, regression analysis of the relationship between metal loss
from undercutter and disk tillage (y= 0.56x, R2= 0.98) indicated that
heavy metal loss from undercutter tillage was 44% lower than from disk

tillage whereas regression analysis of the relationship between metal
loss from biosolids and synthetic fertilizer treatments (y= 0.90x,
R2= 0.97) indicated that metal loss from biosolids fertilizer was 10%
lower than from synthetic fertilizer.

Regression analysis of the relationship between macronutrient loss
from undercutter and disk tillage averaged across the four sample dates
(y= 0.53x, R2= 0.98) also indicated that the macronutrient loss from
undercutter tillage was 47% lower than from disk tillage. In addition,
regression analysis of the relationship between macronutrient loss from
biosolids and synthetic fertilizer treatments (y= 0.90x, R2= 0.98) in-
dicated that macronutrient loss from biosolids was 10% lower than
synthetic fertilizer. For micronutrients, regression analysis of the re-
lationship between micronutrient loss from undercutter and disk tillage
averaged across the four sample dates (y= 0.55x, R2= 0.99) indicated
that the micronutrient loss from undercutter tillage was 45% lower than
from disk tillage. Furthermore, regression analysis of the relationship
between micronutrient loss from biosolids and synthetic fertilizer
treatments (y= 0.87x, R2= 0.98) indicated that micronutrient loss
from biosolids was 13% lower than synthetic fertilizer.

These results suggest that land application of biosolids did not en-
hance the loss of heavy metals, macronutrients, or micronutrients in
windblown sediment compared with synthetic fertilizer. Based upon
data in Table 7, heavy metal loss was 14% lower from biosolids than
synthetic fertilizer when averaged across the Jun 2015 and 2016
sample dates and 5% lower from biosolids than synthetic fertilizer
when averaged across the Sep 2015 and 2016 sample dates.

4. Conclusion

This study assessed heavy metal and nutrient concentrations in soil
and windblown sediment as influenced by the application of biosolids
to agricultural land managed in a WW-SF rotation in the Columbia
Plateau. The application of biosolids resulted in higher Hg, Cd, Cr, Zn,
Ni, Pb, and Cu concentrations in the soil, but not in the windblown
sediment. One possible reason for this discrepancy is elemental ad-
sorption and binding capacity onto soil aggregates may influence heavy
metal concentrations in the erodible soil fraction. Under sustained high
winds and active saltation conditions, heavy metal loss ranged from
0.04 to 9.4 mgm−2 min−1 whereas macronutrient loss ranged from 3.3

Table 6
Micronutrient concentrations in soil and windblown sediment as influenced by tillage and fertilizer treatments during 2015 and 2016.

Element Sample date Concentration (μg g−1)

Soil Sediment

Tillage Fertilizer Tillage Fertilizer

Disk Undercutter Synthetic Biosolid Disk Undercutter Synthetic Biosolid

Co Jun-15 7.3a1 8.0a 7.3a 8.0a 5.3a 4.6b 4.9a 5.0a
Sep-15 8.4 8.3a 8.4a 8.2a 5.8a 5.0b 5.3a 5.6a
Jun-16 7.4a 7.4a 7.2a 7.5b 5.3a 4.0b 5.1a 4.3b
Sep-16 7.7a 7.6a 7.5a 7.8a 6.7a 6.2a 6.5a 6.5a

V Jun-15 33.9a 37.8a 34.0a 37.6a 28.3a 24.9b 26.1a 27.0a
Sep-15 44.3a 44.0a 44.8a 43.5a 32.5a 24.4b 27.4a 29.5a
Jun-16 34.9a 34.4a 33.8a 35.5a 30.0a 19.6b 27.1a 22.9b
Sep-16 39.8a 39.2a 38.8a 40.2a 34.7a 34.0a 34.7a 34.0a

Mn Jun-15 380a 416a 380a 416a 244a 195b 215a 223a
Sep-15 440a 438a 444a 434a 273a 225b 239a 259a
Jun-16 356a 364a 350a 370b 243a 180b 233a 191b
Sep-16 387a 380a 370a 397b 310a 292a 305a 297a

Fe Jun-15 19500a 20875a 19750a 20625a 15375a 12875b 14250a 14000a
Sep-15 21125a 21625a 21625a 21125a 15375a 13750a 14125a 15000a
Jun-16 19000a 19125a 18875a 19250a 14250a 11400b 13875a 11828b
Sep-16 19333a 19000a 18500a 19833a 17167a 16833a 16833a 17167a

1 Tillage or fertilizer means followed by the same letter on a given date are not significantly different at P < 0.05
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Table 7
Metal, macronutrient and micronutrient loss in windblown sediment from tillage and fertilizer treatments on four measurement dates in 2015 and 2016.

Category Element1 Measurement date Loss (mgm−2 min−1)

Tillage Fertilizer

Disk Undercutter Synthetic Biosolid

Metals Cr Jun-15 2.2 1.1 1.7 1.7
Sep-15 3.1 2.1 2.4 2.7
Jun-16 2.0 1.0 1.8 1.2
Sep-16 6.6 3.8 5.5 4.9

Zn Jun-15 1.4 0.7 1.0 1.2
Sep-15 1.7 1.2 1.3 1.6
Jun-16 2.2 1.0 1.9 1.3
Sep-16 9.4 5.1 7.7 6.7

Ni Jun-15 1.3 0.6 0.9 1.0
Sep-15 1.6 1.1 1.3 1.4
Jun-16 1.2 0.6 1.1 0.7
Sep-16 4.1 2.2 3.3 3.0

Pb Jun-15 0.7 0.4 0.6 0.6
Sep-15 0.9 0.7 0.8 0.9
Jun-16 0.9 0.5 0.7 0.5
Sep-16 2.9 1.9 2.5 2.4

Cu Jun-15 0.8 0.6 0.7 0.9
Sep-15 0.8 0.6 0.7 0.7
Jun-16 1.0 0.8 1.1 0.8
Sep-16 3.5 1.9 2.8 2.6

As Jun-15 0.1 0.0 0.1 0.1
Sep-15 0.1 0.1 0.1 0.1
Jun-16 – – – –
Sep-16 0.5 0.2 0.3 0.3

Macronutrients S Jun-15 7.1 3.3 5.1 5.5
Sep-15 – – – –
Jun-16 – – – –
Sep-16 – – – –

P Jun-15 19.0 7.0 11.9 13.3
Sep-15 21.5 15.4 15.4 21.6
Jun-16 29.2 10.0 22.9 14.8
Sep-16 158.8 90.5 126.9 121.4

N Jun-15 12.8 5.2 7.3 10.4
Sep-15 15.6 13.2 9.8 19.8
Jun-16 20.5 7.2 17.3 9.6
Sep-16 131.0 68.3 97.4 98.4

Mg Jun-15 103.6 37.9 66.5 70.7
Sep-15 121.6 86.3 89.4 118.1
Jun-16 120.8 45.5 103.1 59.6
Sep-16 658.2 358.7 539.1 472.0

K Jun-15 69.2 26.1 46.1 46.7
Sep-15 80.1 58.8 60.5 78.2
Jun-16 90.7 34.2 77.4 44.8
Sep-16 483.4 256.5 391.3 341.8

Ca Jun-15 77.8 29.1 50.6 53.3
Sep-15 99.1 68.0 71.9 94.4
Jun-16 104.9 39.6 87.8 53.3
Sep-16 555.4 312.4 466.6 400.8

C Jun-15 165.1 78.1 114.6 133.5
Sep-15 191.2 164.2 137.3 224.8
Jun-16 250.0 89.1 201.2 126.5
Sep-16 1210.1 624.8 942.0 865.4

Micronutrients Co Jun-15 0.2 0.1 0.1 0.1
Sep-15 0.2 0.2 0.2 0.2
Jun-16 0.2 0.1 0.2 0.1
Sep-16 1.4 0.7 1.1 1.0

V Jun-15 1.0 0.4 0.6 0.7
Sep-15 1.3 0.8 0.9 1.2
Jun-16 1.4 0.4 1.1 0.6
Sep-16 7.1 3.9 6.0 5.0

Mn Jun-15 8.4 2.9 5.1 5.6
Sep-15 10.9 7.2 7.8 10.2
Jun-16 11.0 3.8 9.2 5.2
Sep-16 63.8 33.8 53.0 43.8

Fe Jun-15 528.9 190.6 341.3 353.5
Sep-15 615.8 437.3 459.1 590.3
Jun-16 646.2 243.4 547.4 322.3
Sep-16 3531.3 1947.6 2927.3 2532.1

- No loss due to concentrations in windblown sediment below reporting limit
1 No loss for Se, Mo, Hg, and Cd due to concentrations in windblown sediment below reporting limit on all dates
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to 1210.1 mgm−2 min−1 and micronutrient loss ranged from 0.07 to
3531.2 mgm−2 min−1. Regression analysis indicated little difference in
metal loss from the biosolids and synthetic fertilizer treatments. Our
results indicate that, after two applications of biosolids to a WW-SF
rotation, the risk for loss of metals in windblown sediment is not en-
hanced as compared to synthetic fertilizer. Prolonged application of
biosolids to the rotation, however, may result in changes to soil char-
acteristics that affect the loss of metals or nutrients in windblown se-
diment.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.aeolia.2018.02.001.
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