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Applications of biosolids were compared to inorganic nitrogen (N) fertilizer for two years at three locations in eastern Washington
State, USA, with diverse rainfall and soft white, hard red, and hard white winter wheat (Triticum aestivum L.) cultivars. High rates
of inorganic N tended to reduce yields, while grain protein responses to N rate were positive and linear for all wheat market classes.
Biosolids produced 0 to 1400 kg ha−1 (0 to 47%) higher grain yields than inorganic N. Wheat may have responded positively to
nutrients other than N in the biosolids or to a metered N supply that limited vegetative growth and the potential for moisture
stress-induced reductions in grain yield in these dryland production systems. Grain protein content with biosolids was either
equal to or below grain protein with inorganic N, likely due to dilution of grain N from the higher yields achieved with biosolids.
Results indicate the potential to improve dryland winter wheat yields with biosolids compared to inorganic N alone, but perhaps
not to increase grain protein concentration of hard wheat when biosolids are applied immediately before planting.

1. Introduction
Biosolids are an eﬀective and relatively safe source of
nitrogen (N) for dryland wheat production [1–3]. Applied
at agronomic rates, biosolids can supply suﬃcient N to
maximize yield, as well as a host of other nutrients that can
benefit crops in a rotational sequence [4, 5]. Determining
appropriate agronomic application rates is paramount in
balancing nutrient (mainly N) needs of wheat without
increasing the risk of nitrate (NO−3 ) leaching. Considerable
research has been devoted to this subject [3, 5].
In the inland Pacific Northwest (PNW) USA, soft white
winter wheat is the predominant crop grown on over
2.75 million ha of mainly dryland (rainfed) cropland [6].
The majority of this wheat is exported and used to make
unleavened products such as flat breads, noodles, and cakes
[7]. Low-grain protein concentration (<10%) is desirable
when producing unleavened products. High-grain protein
concentration in soft white winter wheat has been a problem
in the PNW due, in part, to high soil N levels [7]. Previous

biosolids research in this area has shown that agronomic
applications at or above rates required to maximize yield
may produce undesirably high grain protein concentrations
in soft white winter wheat [3, 5]. While high grain protein
concentration is detrimental for soft wheat end uses, high
protein is desirable in hard red and white winter wheats,
with optimum targets of approximately 11.5 and 12.5%,
respectively. Biosolids may be more appropriately suited to
hard wheat production in dryland areas of the PNW, as is the
case in the state of Colorado, USA [8].
The objective of this study was to determine if biosolids
applied at agronomic rates are a more suitable source of N
for producing dryland hard red and white wheat grain with
a higher and more desirable protein concentration than soft
white wheat grain.

2. Materials and Methods
Field studies were conducted at three locations in fall
2006 and again in separate but nearby (<200 m distant)
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Table 1: Crop year precipitation and preplant soil test information for each site-year. Plant-available soil moisture is calculated by the
commercial testing lab from gravimetric moisture content, an assumed bulk density of 1.2 g cm−3 for silt loam soil textures, and an assumed
permanent wilting point moisture content of 11% by volume.
Location† Year Sept 1 to Aug 31 crop Plant-available
year precipitation
moisture

Lind
Davenport
Pullman

Residual
N

Organic
matter

pH

(kg ha−1 ) (g kg−1 )

NaHCO3 WaterNaHCO3 extractable P‡ extractable K extractable SO4 §

(mm)

(cm 1.5-m−1 )

(mg kg−1 )

(mg kg−1 )

(kg S ha−1 )

2006

304

5.5 (0.3)

141 (22)¶

8 (1.0)

7.5 (0.1)

6 (0.6)

524 (31)

16 (3.2)

2007

229

2.5 (0.4)

189 (17)

11 (0.7) 6.8 (0.1)

17 (3.2)

469 (10)

12 (1.5)

2006

336

8.5 (0.7)

156 (41)

31 (3.2) 6.7 (0.5)

12 (0.6)

437 (49)

9 (0.6)

2007

196

8.5

113

24

5.6

20

416

7

2006

452

3.9

70

23

5.5

28

281

11

2007

510

6.4

76

30

5.8

26

266

8

†

Soil series and taxonomic names.
Lind: Shano silt loam—coarse-silty, mixed, mesic, superactive Xeric Haplocambid (both years).
Davenport: Mondovi silt loam—coarse-silty, mixed, mesic, superactive Cumulic Haploxeroll (2006-07).
Hanning silt loam—fine-silty, mixed, mesic, superactive Pachic Argixeroll (2007-08).
Pullman: Palouse silt loam—fine-silty, mixed, superactive Pachic Ultic Haploxeroll (both years).
‡ Critical values for suﬃcient soil test P (bicarbonate method) are >16 mg kg−1 [9].
§ Critical values for suﬃcient soil test S are >22 to 34 kg ha−1 [9].
¶ Mean (standard deviation) of three replicate samples. If no standard deviation is indicated then only one, 5-point composite was collected from the study
area.

locations in fall 2007. The locations were selected to represent
three common but contrasting rainfed wheat production
systems in eastern Washington State characterized by a
Mediterranean climate and precipitation gradient of <300 to
>600 mm year−1 . The Lind site (46◦ 58.3 N, 118◦ 36.9 W)
typically receives 200 to 250 mm precipitation year−1 and
is in a two-year, winter wheat-tillage fallow rotation. The
Davenport site (47◦ 39.2 N, 118◦ 9 W) typically receives
250 to 350 mm precipitation year−1 and is in a threeyear, winter wheat-spring wheat-chemical fallow (no-tillage)
rotation. The Pullman site (46◦ 43.9 N, 117◦ 10.8 W)
typically receives 500 to 600 mm precipitation year−1 and
is in a three-year, winter wheat-spring wheat-spring legume
no-till rotation. Actual precipitation totals received at each
site during this study are presented in Table 1. Each site
was farmed uniformly for >2 years prior to these studies.
At each location, preplant soil samples were collected
in 0.3-m increments to a depth of 1.5 m to quantify plantavailable soil moisture and residual N, as well as other soil
properties, prior to establishing each study (Table 1). Inorganic N fertilizer was applied at rates intended to supply 0
to 150 or 200% of the standard agronomic recommendation
[9] based on forecast yield potential and the initial soil test
N at each location. Actual rates of application ranged from
0 to 112 kg N ha−1 except at Pullman 2007-08, where rates
ranged from 0 to 180 kg N ha−1 . The N source used was dry
urea (46% N).
Biosolids sources included Class A dewatered cake (22%
solids) from Tacoma, Wash, produced by thermophilicmesophilic digestion, and Soundgro, Class A heat-dried
(93% solids) biosolids from Pierce County, Wash. Biosolids
rates were calculated to supply approximately 1× and 2× of
the agronomic rate of N for these scenarios. Data points for

biosolids treatments are graphed on inorganic N response
functions (Figures 1 and 2) at the mid and high N rates for
each site-year. Biosolids rates and equivalent plant-available
N supply are presented in Table 2. Based on previous research
on N availability from dewatered and heat-dried biosolids
[10] we estimated plant-available N of both biosolids sources
as 25% of total N under the conditions of this study and
used that estimate for our field application rates (Table 2).
In a more recent study of heat-dried biosolids conducted
in western Washington State in 2007–2009, Cogger et al.
[11] reported much greater N availability from Soundgro,
and we adjusted our estimate of available N applied from
Soundgro to 50% of total N. The ramifications of this change
are discussed later. Biosolids were surface applied at or up
to two weeks prior to planting at each location. Biosolids
were not incorporated. Inorganic N was applied two weeks
prior to planting at the Lind location and immediately
prior to planting at Davenport and Pullman by banding
the N 20 to 25 cm below the surface. At Davenport and
Pullman, an ammonium phosphate-sulfate starter fertilizer
was applied with the seed at rates of 9 kg N, 5 kg P, and
13 kg S ha−1 .
Three market classes of winter wheat (soft white, hard
white, hard red) were planted at each location. For soft
white, cv. “Eltan” was planted at Lind and Davenport and
“Madsen” planted at Pullman in 2006. The same cultivars
were planted in 2007 but Madsen was used at both Davenport
and Pullman. The hard red cv. “Bauermeister” was planted at
Lind, and “Paladin” was planted at Davenport and Pullman
for both years of the study. The hard white cv. “MDM” was
planted at all three sites and for both years. Seeding rates were
50 kg ha−1 at Lind and 90 kg ha−1 at Davenport and Pullman.
Row spacing was 19 cm at Davenport and Pullman and 40 cm
at Lind.
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Figure 1: The eﬀect of inorganic N fertilizer and biosolids on yield and grain protein content of three wheat market classes at Lind (a),
Davenport (b), and Pullman (c), Wash in 2007. The horizontal axis (N rate) is the same for each graph panel. Due to large diﬀerences in
grain yield, the vertical axis changes for each market class site (column). Where indicated by the regression line, quadratic or linear responses
are significant at P < .05. ∗ and ∗∗ indicate significant diﬀerences at the 0.10 and 0.05 level, respectively, between inorganic N and biosolids
treatments at that inorganic nitrogen and biosolids rate.

Individual plot dimensions were 2.1 (Davenport and
Pullman) or 2.5 (Lind) m wide by 15.4 m long. A 1.5 m
wide by 12.3 m long (18.5 m2 ) area was harvested with a
small combine from the center of each plot at physiological
maturity. Grain density (test weight) was measured using
standard procedures. Grain protein content was measured
using near infrared spectroscopy. Postharvest soil samples
were collected in the 0, mid, and high fertilizer N rate
treatments as well as the 1× and 2× biosolids treatments of
the hard red winter wheat market class only. A composite
sample of three cores was collected from each plot in 0.3m increments to a depth of 1.5 m. Postharvest soil samples
were analyzed for residual nitrate (0 to 1.5 m depth) and
ammonium (surface 0.3 m only).

2.1. Statistics. Wheat market class was treated as the main
plot and fertility treatment the subplot in a randomized
complete block, split-plot design with three replications at
each location. There were significant site by year and site
by N rate interactions within years. Therefore, data were
analyzed and presented separately by site and year. Yield and
grain protein responses to fertilizer N rate were evaluated
using first (linear) and second (quadratic) order polynomial
models (Figures 1 and 2). Biosolids at 1× and 2× rates
were compared at the intermediate and high inorganic N
rates, respectively, using ANOVA. Postharvest residual soil N
was analyzed using ANOVA with soil depth and treatment
variables. Least significant diﬀerence (LSD) values at the 5%
level were calculated and presented graphically as bars on
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Figure 2: The eﬀect of inorganic N fertilizer and biosolids on yield and grain protein content of three wheat market classes at Lind (a),
Davenport (b), and Pullman (c), Wash in 2008. The horizontal axis (N rate) is the same for Lind and Davenport but higher for Pullman.
Due to diﬀerences in grain yield, the vertical axis is diﬀerent for Lind relative to Davenport and Pullman. Where indicated by the regression
line, quadratic or linear responses are significant at P < .05. If no regression line is included the relationship was not significant (P > .05). ∗
and ∗∗ indicate significant diﬀerences at the 0.10 and 0.05 level, respectively, between inorganic N and biosolids treatments at that inorganic
nitrogen and biosolids rate.

the soil profile N graphs (Figure 3). Treatment eﬀects on the
soil inorganic N balance were separated using Tukey’s Honest
Significant Diﬀerence at α = 0.05 (Figure 4).

3. Results and Discussion
3.1. Precipitation and Initial Soil Properties at Each Location.
Precipitation was near the long-term averages for each
location during the 2006-2007 and 2007-2008 crop years
(Table 1). Residual plant-available soil moisture generally
reflected previous management and precipitation received

at each site, where a year of fallow preceding the crop year
(Lind and Davenport) was reflected in soil profile moisture
measured prior to planting. There was significant residual
N at the Lind and Davenport sites. This is largely due
to local practice and cropping history, where soil testing
is rarely undertaken in low rainfall/low yielding sites like
Lind, and a year of fallow preceding the winter wheat
crop permits additional organic N mineralization leading
to higher preplant residual N levels. Soil test phosphorus
(P) was below the recommended critical value for two of
the site-years (Lind and Davenport 2006-2007) and near the
critical value for Lind 2007-2008. Again, this is a reflection
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Table 2: Biosolids total N, ammonium (NH4 )–N, solids content and material, and N application rates for each site-year. Soundgro and
Tacoma are two biosolids products produced in the Seattle, Washington metropolitan area.
Year

Site
Lind

2006

Davenport
Pullman
Lind

2007

Wilke
Pullman

†

Biosolids
origin
Soundgro
Soundgro
Tacoma
Tacoma
Soundgro
Soundgro

Total N

NH4 –N

Solids

%

%

%

Rate
code

Dry application
rate

Total N

Estimated
available N†

Plant-available
N

Mg ha−1

kg ha−1

% of total N

Kg ha−1

4.4

257

50

129

5.80

0.53

93.3

1×

5.80

0.53

93.3

2×

8.8

508

50

254

5.85

0.56

91.6

1×

5.4

314

50

157

5.85

0.56

91.6

2×

10.9

635

50

317

4.60

0.78

21.5

1×

6.4

295

25

74

4.60

0.78

21.5

2×

12.9

591

25

148

5.0

247

25

62

4.90

0.40

22.5

1×

4.90

0.40

22.5

2×

10.1

494

25

123

6.10

0.29

93.6

1×

5.5

334

50

167

6.10

0.29

93.6

2×

11.1

676

50

338

6.10

0.29

93.6

1×

6.5

398

50

199

6.10

0.29

93.6

2×

13.0

796

50

398

Available N estimate is 25% total N for Tacoma product and 50% total N for Soundgro based on Sullivan et al. [3] and Cogger et al. [11].

of local practice where, due to low yields, farmers rarely use
P fertilizer in the Lind area and only occasionally use P at
Davenport, relative to Pullman. Soil test sulfur (S) was below
critical values at all site-years.
3.2. Wheat Response to Inorganic N Fertilizer and Biosolids.
Grain yield responses to inorganic N were exclusively
quadratic in 2007 (Figure 1) and quadratic for three of the
nine site × market class datasets in 2008 (Figure 2). At
Davenport, the high N rate-induced depression of grain
yields in 2007 was associated with wheat lodging. Lodging
was not a problem at Lind or Pullman in 2007. In 2008, grain
test weight at these locations (data not presented) tended to
be lower at high N rates indicating stress caused, perhaps, by
moisture depletion. In 2008, grain yield did not respond to
inorganic N at Lind (Figure 2). Moisture limitation at Lind,
as evidenced by the low 2007-2008 crop year precipitation
and preplant residual soil moisture (Table 1), coupled with
the relatively high residual N in this year, apparently limited
yield responses to N. Precipitation and preplant soil moisture
at Pullman were higher during the 2007-08 crop year and
would explain the lack of negative response to high N rate
at this location.
Quadratic responses to inorganic N fertilizer are common in dryland wheat fertility experiments conducted in this
Mediterranean environment [3, 12], but not as dramatic in
environments where more rainfall occurs during the summer
growing season and biosolids were used as the nutrient
source [8, 13]. Negative yield responses to N have been
documented in Australia and are generally referred to as
“haying oﬀ ” [14]. The explanation of this phenomenon is
that high levels of available N induce a flush of vegetative
growth that depletes moisture early in the growing season.
This leads to a postanthesis water deficit and severely restricts

the translocation of pre-anthesis carbon to the grain, as
well as postanthesis assimilation of new carbon destined for
wheat kernels.
Grain protein concentration increased linearly with
fertilizer N rate for all market classes and locations in 2007
(Figure 1) and at the Davenport and Pullman locations
in 2008 (Figure 2). A linear response of grain protein
concentration to N rate is common in N response studies
of cereals [12], even when yield plateaus or is negatively
impacted by high N rates [15]. Soft white winter wheat
grain proteins were higher than desired across all N rates
at Lind. For hard red and white market classes, yield and
grain protein concentration response to fertilizer N suggest
fertilizing at rates above maximum yield, and consequently
reducing grain yield, may be required to achieve target
protein concentrations for each market class. This is likely
an issue of timing of fertilization and positional availability
of N since previous research has shown that plant-available
N residing deep in the profile is more eﬀective than shallow
or recently applied N at contributing to high grain protein
concentration in dryland wheat [16, 17].
In both 2007 and 2008, grain yields were frequently
higher for biosolids than for inorganic N treatments (Figures
1 and 2). Across site-years, yields with biosolids were 0 to
47% higher than the highest yields achieved with inorganic
fertilizer. At the site with the largest diﬀerential between
fertility sources (2007 Davenport hard red), biosolids produced 1400 kg ha−1 (>20%) higher grain yield than the
highest fertilizer N yield. In no situation did biosolids result
in significantly lower grain yields than an inorganic N
treatment.
Initial attempts to target biosolids agronomic rates to
match the intermediate (56 or 90 kg N ha−1 ) or high (112 or
180 kg N ha−1 ) N fertilizer rates were apparently unsuccessful
based on N availability calculations as a fraction of total
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Figure 3: Postharvest soil profile N (NH4 + NO3 for 0 to 0.3 m depth + NO3 only 0.3 to 1.5 m depth) for the hard red winter wheat treatments
from the Lind, Davenport, and Pullman study locations in 2006-2007 (a) and 2007-2008 (b). Error bars represent Least Significant Diﬀerence
(LSD) values at the 5% level. NS: no significant diﬀerence in NO3 -N concentration among treatments for that sampling depth. Note that
inorganic N rates were the same for all site-years except Pullman 2007-2008, where N rates were higher. This is reflected in the diﬀerent
legend for that panel.

N in the materials (Table 2). These availability indices were
developed from studies in which biosolids were applied
in the fallow period of a crop-fallow rotation and were
incorporated with tillage [3, 18] or broadcast on the surface

for a perennial forage crop [11]. In the present study,
biosolids were applied shortly before planting and left on the
surface. Both the timing of application relative to sowing and
the absence of incorporation would contribute to lower N
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Figure 4: Net changes in total inorganic soil N in a 1.5-m profile between the preplant (Table 1) and postharvest soil sampling of selected
fertility treatments in hard red winter wheat at the Lind, Davenport, and Pullman study locations in 2006-07 (a) and 2007-08 (b). Values in
the positive (right of vertical line) represent a net gain in soil profile inorganic N compared to the initial (preplant) sampling while values in
the negative (left of the vertical line) represent a new depletion of soil profile N. Note the diﬀerences in inorganic N application rate between
Lind/Davenport and Pullman in 2007-08.

availability to winter wheat than in previous studies [3]. Evidence from soil profile N measured postharvest (discussed
later) also suggests that “Soundgro” biosolids N availability
was overestimated in Table 2 calculations. Since the actual
N available from biosolids is unknown and can only be
estimated, we retained the statistical comparisons between
1× and 2× biosolids treatments and the intermediate and
high fertilizer N rates (Figures 1 and 2). While the validity
of this comparison could be argued, grain yields and grain
protein concentrations with biosolids compared to fertilizer
N were substantially higher and lower, respectively, across
fertilizer N rates, and results of statistical comparisons would
be similar regardless of the inorganic N rate selected for
comparison to biosolids.
Grain yield responses to biosolids did not reflect a “haying oﬀ ” eﬀect observed with fertilizer N (discussed above).
One explanation for this is that the rate of N mineralization
from biosolids was not rapid enough to stimulate a flush of
vegetative growth and lead to moisture depletion and stress.
In fact, grain test weights of biosolids treatments were within
acceptable ranges and did not indicate widespread stress.
Also, higher yields from biosolids compared to fertilizer N
were observed in 2008 when there was little indication of a
negative yield response to high rates of fertilizer N. Previous
studies comparing biosolids and fertilizer N responses in
dryland areas of the PNW did not show consistently higher
yields with biosolids materials [3]. A second explanation for
the higher yields from biosolids in the present study is that
other nutrients were deficient at these sites and were supplied

in adequate quantities by the biosolids materials. At Lind and
Davenport in 2007, soil test P was below critical levels while
S was below critical levels for all site-years (Table 1). While
some P and S was applied at as starter fertilizer with the
seed at Davenport and Pullman, the rates were relatively low
(5 kg P and 13 kg S ha−1 ). The additional P and S associated
with the biosolids may explain the higher yields associated
with these treatments across site years.
In situations where grain yield was higher with biosolids
than with comparable inorganic N treatments, grain protein
content was often lower. This eﬀect could be explained by
the dilution of grain N in these higher yielding treatments,
leading to lower grain protein. The inverse relationship
between grain yield and grain protein concentration is a
common phenomenon in wheat [15]. Another factor in this
study may be the positional availability of N in the soil
profile. Previous research has shown that high grain protein
concentration is more easily achieved when N is available
for uptake later in the season during grain filling [16, 17].
In this dryland area where the soil surface dries rapidly, N
located at depth in the profile where late-season moisture
absorption occurs is more likely to contribute to high grain
protein concentration. Central to the premise of this study
is that biosolids are better suited to producing high protein
hard red and white winter wheat than soft white winter
wheat in these dryland environments, as was suggested
earlier [3]. This does not appear to be the case under the
conditions (time, placement) of biosolids application in this
study.
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3.3. Soil Profile N and N Balance. Postharvest inorganic N
distributions for hard red winter wheat were variable among
fertility treatments, particularly at Lind (Figure 3). Except
for Lind and limited treatments at the 0 to 0.3-m depth at
Pullman, postharvest soil profile N was lower for inorganic
and biosolids treatments than the initial soil profile N.
Interestingly, as evidenced by the higher amount of NO3 -N at
depth in the profile, there was some N movement to the 0.6 to
1.2-m depth at the Lind location for the biosolids and high
N rate treatments (Figure 3) even though this site received
the least amount of precipitation and had some of the lowest
preplant soil moisture (Table 1). The Lind site had significant
preplant residual N in the profile (Table 1; Figure 3). This,
coupled with relatively low yields and high N rates, resulted
in some increase in soil N with intermediate and high N rate
treatments. Regardless, as evidenced by the lack of statistical
diﬀerence between treatments and the unfertilized control,
there was little N movement below the 1.2 m depth in any
treatment except at Lind.
When expressed as a net gain or loss of inorganic N from
the profile, there was no diﬀerence in net N change in the
soil profile among treatments at Davenport and Pullman,
suggesting no greater risk of soil NO3 accumulation with
biosolids than with inorganic fertilizer. There was a net
increase in soil N for intermediate and high fertilizer rates
and biosolids treatments at Lind in 2007 and for fertilizer
treatments at Lind in 2008, compared to the unfertilized
control. Accumulated N in the profile could be subject to
leaching below the crop root zone in the fallow cycle at this
location, particularly since much of this residual N is located
at depth in the soil profile.
Overall, at the Davenport and Pullman sites, results
indicate eﬃcient use of residual and applied N forms
regardless of the source (biosolids versus inorganic N). While
this is a promising finding, other studies in which high rates
of biosolids were applied and/or applications were made in
the fallow year, residual soil N increased, and there was some
evidence of leaching loss [3, 8].

4. Conclusions
Biosolids applied within two weeks of planting and without
incorporation were an eﬃcient source of nutrients for
dryland wheat production across a range of rainfall zones
in eastern Washington. In situations of low to moderate
preplant soil profile N, organic N released by biosolids was
well utilized by the crop with residual soil levels no greater
than with inorganic N sources. Yields with biosolids were frequently higher than with inorganic N treatments, likely due
to a combination of slow N release and contributions of other
nutrients such as P and S that were deficient in these systems.
When applied in this manner, biosolids were not eﬀective at
producing high grain protein concentrations in hard red or
hard white winter wheat. If biosolids material was applied in
the fallow year in low and intermediate precipitation zones,
the impact on grain protein concentration may be greater.
Early application of biosolids in the higher precipitation
areas where annual cropping is practiced is not possible.
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