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Abstract 

The fertilizer value of anaerobically-digested, dewatered biosolids in dryland cereal 
cropping systems was evaluated at six locations in central and eastern Washington (25 to 
35 cm annual precipitation zone).  Biosolids were applied at rates of 3 to 20 Mg/ha 
(approximately 150 to 900 kg N/ha).  We measured increases in soil nutrient levels 
[phosphorus (P), sulfur (S), and zinc (Zn)] with biosolids fertilization that will contribute 
to increased site productivity for one or more cropping cycles.  Biosolids fertilization at 
300 kg N/ha produced yields equal to inorganic N fertilizers (anhydrous/aqua ammonia or 
ammonium nitrate) applied at 55 kg N/ha.  Biosolids applied at 300 kg N/ha supplied 
more than enough N for maximum yield as demonstrated by higher grain N, higher grain 
N uptake, and lower grain test weight compared to inorganic N fertilization.  Increasing 
the biosolids application rate to 600 kg N/ha reduced grain yield due to lodging and grain 
shrivel, and resulted in high levels of postharvest soil nitrate-N.  Biosolids increased grain 
production by increasing spike number and kernels per spike.  These visual responses 
were offset by reduced grain kernel weight with biosolids fertilization.  We conclude that 
biosolids rates of approximately 300 kg N/ha will provide maximum benefits for wheat 
growers in the 25 to 35 cm precipitation zone in the Pacific Northwest.  Future research is 
needed to identify wheat varieties which respond best to biosolids fertilization.   

Keywords:  biosolids application rate, dryland wheat, nitrogen, phosphorus, sulfur, zinc 
fertilizer value, grain yield, grain N, soil nitrate. 

Materials and Methods 

Biosolids Sources.  We obtained biosolids from three cooperating wastewater treatment 
plants.  A single biosolids source was used at each location (Table 1).  All biosolids met 
EPA Exceptional Quality criteria for the ten regulated trace elements (Table 3 of 40 CFR 
Part 503) .  All biosolids were produced by anaerobic digestion of solids generated by 
primary + secondary wastewater treatment.  Following digestion, all biosolids met EPA 
Class B pathogen reduction standards. Biosolids from treatment plant A (field locations 1 
and 2) were air-dried in outdoor drying beds to 800 to 900 g/kg total solids prior to land 
application.   Biosolids from treatment plants B and C (field locations 3-6) were applied 
as dewatered cake (180 to 220 g/kg total solids).  At application, a minimum of three 
samples were collected from the field biosolids stockpile for determination of total solids, 
Total Kjeldahl N and ammonium-N (Table 2). 
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Field Plot Techniques.  Field plots were arranged in a randomized** complete block 
design with 3 to 5 replications at all locations.  Small plots (4 x 8 m) were used at 
locations 1 and 2.  For locations 1 and 2, biosolids were weighed and applied manually, 
and grain was harvested from a 1.5 x 7 m swath in the center of each plot with a Hegi 
small plot combine.   Field-scale plots were used at locations 3, 4, 5, and 6.  Biosolids 
were applied with a John Deere 455 Hydropush manure spreader to 2.5 ha plots.  Grain 
was harvested from one or two combine header widths in the center of each plot (about 
1.2 ha).   
 
Field Location Information (Table 3).  Soils at all locations were developed under 
grasslands (Haploxerolls great group), with a silt loam surface horizon susceptible to 
wind erosion.  All locations were managed using a wheat/fallow production system (one 
year of crop, one year of fallow in a two year crop production cycle).  Biosolids were 
applied in the fall after crop harvest (Locations 2, 4, and 5) or during the summer fallow 
(Locations 1, 3, and 6).  
 
Tillage, wheat variety, herbicide and other cultural practices were those routinely used by 
the cooperating grower.  Wheat varieties at Locations 1, 2, 3, and 4 were common soft 
white wheat varieties, with moderate straw strength, selected primarily because of their 
resistance to snow mold.   Varieties at locations 5 and 6 were soft white club wheats with 
greater straw strength (less susceptible to lodging).  The field locations represent two 
counties in central Washington (Locations 1-4) and two counties in eastern Washington 
(locations 5 and 6).  Locations 1 and 2 were in the same field (about 75 m apart).  
Locations 3 and 4 were located in nearby fields (about 1 km apart).  Location 1 was 
harvested in 1992, locations 3 and 6 in 1993, and locations 2, 4, and 5 were harvested in 
1994. 
 
Grain testing.  Grain yields are reported on an “as is” basis (about 10 % moisture 
content).  Subsamples of the grain harvested from each plot were collected in the field.  
Grain was cleaned to remove chaff and grain test weight (bulk grain weight per unit 
volume) was determined with a standard USDA grain grading apparatus.  Grain nitrogen 
was determined via a LECO combustion analyzer.  Grain N uptake was calculated by 
multiplying the grain N content by the corresponding grain yield (minus 10 % moisture).   
 
Soil sampling and analysis.   
Preapplication soil samples (0-90 cm) were collected immediately prior to biosolids 
application.  Surface (0-30 cm) samples were analyzed for pH, Olsen (bicarbonate) P, and 
exchangeable K; nitrate-N was determined for the 0-90 cm depth (Table 3).    
 
Postharvest samples for determination of nitrate-N, ammonium-N and sulfate-S were 
collected during the late summer or early fall following crop harvest, prior to significant 
precipitation.  Soil samples were collected in 30 cm depth increments to a depth of 90 cm 
(Locations 1, 2, and 5) or 120 cm (Locations 3, 4, and 6), using a hydraulic auger 
(Kauffman sampler; Albany, OR) mounted on a small tractor.  Approximately 10 to 15 
cores (0-30 cm depth) and 3 to 6 cores (30-60, 60-90, and 90-120 cm depths) were 
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collected from each plot. For conversion of soil concentrations to kg per hectare, we 
assumed a soil bulk density of 1.3 g/cm3 at all locations.  Soil nitrate was determined via 
a colorimetric method or a cadmium reduction method.  Soil reference samples run with 
each batch of unknown samples showed both nitrate analysis methods to be accurate and 
precise.  Soil sulfate-S was determined via a turbidimetric method. Surface (0-30 cm) 
samples were analyzed for ammonium-N via a colorimetric method.  
 
Postharvest soil samples (0-10 cm) were analyzed for Olsen (bicarbonate) P and DTPA 
Zn.  Twenty  to 30 cores were composited per plot.  
 
Above-ground biomass and grain yield components were determined at locations 4 
and 5  on 2 m of row per plot.  At harvest, we counted the number of spikes per m of row 
and weighed intact plants.  Grain yield was determined by running  the harvest bundles 
through a Hegi combine.  
 
Statistical analyses were performed using the SAS system (SAS Institute, Cary, N.C.).  
We did not have the same number of biosolids treatments at each location, and biosolids 
analyses varied between locations.  To compare similar biosolids N rates across locations 
we grouped application rates of 200 to 400 kg N/ha and called this treatment “300 kg 
N/ha” and grouped higher rates of application 500 to 700 kg N/ha and called this 
treatment “600 kg N/ha”.  We used these treatment groups, 300 and 600 kg N/ha as 
biosolids, for orthogonal contrasts across locations.  The combined data set (all locations) 
was analyzed as a split-plot design with locations as main plots and  fertilizer treatments 
as subplots.  Statistical analyses within a location were performed using analysis of 
variance procedures for a randomized complete block design. 
 
  

Results and Discussion 
 
Comparisons across locations (Table 4).   
Statistical analysis using locations as main plots, and fertilizer treatments as subplots 
showed highly significant (P < 0.01) effects of fertilizer application on grain yield, test 
weight, grain N, grain N uptake and postharvest soil nitrate-N.  The fertilizer treatment * 
location interaction was also highly significant (P < 0.01) for all parameters (Table 4), 
indicating that the magnitude of fertilizer treatment effects varied between locations.   
 
The mean squares generated by the analysis of variance (Table 4) show the relative 
importance of sources of variation.  Location had a larger effect on yield and N uptake 
than did fertilizer treatment, showing the unpredictable nature of yield where 
precipitation is the major limiting factor.  Fertilizer treatments had a stronger effect than 
location on grain N, postharvest soil nitrate-N, and grain test weight.  The consistency of 
these measurements across locations shows that biosolids was a dependable nutrient 
source.  The lower test weight across locations was due to increased vegetative growth 
and increased plant water stress during the grain fill period.    
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Averaged over locations, biosolids at 300 kg N/ha and inorganic N fertilizer at 55 kg 
N/ha had the same yield and postharvest nitrate-N.  Biosolids at 300 kg N/ha significantly 
(P < 0.05) reduced test weight and  increased grain N compared to inorganic N 
fertilization.  Increasing the biosolids application rate from 300 to 600 kg N/ha 
significantly reduced grain yield, test weight, and increased grain N and postharvest 
nitrate-N.        
 
 
Comparisons by location (Fig 1 and 2; Table 5).   
 
Grain yield. Preapplication nitrate-N analyses (90 cm depth) showed that all sites except 
location 6 should respond to N fertilization (Table 3).  Other nutrients tested were present 
at adequate levels.  Soil P (0 - 30 cm) was well above (locations 1 and 5) or slightly 
above (locations 3, 4, and 6) the recommended minimum soil P level for maximum yield 
of dryland winter wheat (10 mg/kg Olsen P).  Exchangeable K was well above 
recommended minimum (100 mg/kg).  Surface soil pH values ranged from 6.3 to 6.7 
(near neutral). 
 
Fertilization significantly increased grain yield at 4 of the 6 locations (Table 5; Fig. 1).  
Yield responses were largely due to the N supplied by biosolids.  The locations that did 
not respond to fertilization had high preapplication soil nitrate-N analyses (Table 3).  The 
WSU fertilizer guide for dryland wheat correctly predicted non-responsive sites; it 
recommended application of reduced N rates (location 2; 28 kg N/ha) or no N (location 
6).  Locations that did respond to fertilization (locations 1, 3, 4, and 5) had estimated 
fertilizer N requirements of 52 to 73 kg N/ha for a target yield of 4 Mg/ha (60 bushels per 
acre).   
 
Using the current WSU guidelines for biosolids application, suggested biosolids 
application rates for the responsive sites were 3.9 to 6.5 Mg/ha (Table 2).  This is below 
the minimum application rate for most manure spreaders currently used to apply 
biosolids, and below the biosolids application rates used at our sites (except location 1 
and 2).  Actual yield responses (Fig. 1) show that low (<300 kg N/ha) rates of biosolids 
were needed for maximum yield at all locations except location 6.  The cause of the 
significant yield increase at the highest rate of biosolids application at location 6 is 
unknown.  Preapplication and postharvest soil tests at location 6 showed high nitrate 
levels, so the yield response was probably not due to nitrogen. 
 
The yield data demonstrated that higher rates of N application were not needed in years 
with above average yield potential.  Locations 1 and 2 (same field, different harvest years) 
both produced near-optimum yields with 300 kg N/ha  biosolids applied, although 
maximum yields were 3.0 Mg/ha for Location 1 and 5.0 Mg/ha for Location 2.  Locations 
3 and 4 (adjacent fields, different harvest year) had similar increases in yield due to 
fertilization (approximately 1.2 Mg yield increase over the zero N treatment), although 
maximum yields were 5.8 Mg/ha for Location 3 and 3.8 Mg/ha for Location 4.   
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The largest yield reductions at high biosolids application rates occurred when wheat 
plants lodged (fell over).  We observed some lodging at the 300 kg N/ha rate and severe 
lodging at the 600 kg N/ha rate at locations 2 and 3.  Some lodging was also observed at 
Location 4 with the 600 kg N/ha rate.  Locations 2, 3, and 4 had the same wheat variety, 
Eltan, which has only moderate straw strength.  Locations 5 and 6 had the potential for 
lodging (high N supply and above average precipitation), but had wheat varieties with 
greater straw strength.  Location 1 had a variety even more susceptible to lodging than 
Eltan, but low precipitation during the crop year limited excessive growth.     
 
Test weight (Fig.1; Table 5).  Test weight is a measure of grain plumpness.  Decreases 
in test weight are usually associated with plant water stress during the grain fill period.  
Lodging and excessive vegetative growth increase plant water stress.  Large reductions in 
grain test weight were associated with lodging at high biosolids application rates 
(Locations 2, 3, and 4). Where lodging did not occur (Locations 1, 5 and 6), even high 
rates of biosolids produced grain with acceptable test weight.  Low rates of biosolids 
increased test weight at locations 1 and 5, probably because of improved root 
development and extraction of soil water. 
 
Grain N (Fig. 1; Table 5).  High grain N is undesirable in soft white winter wheat. High 
protein grain is less suitable for production of cakes, crackers, cookies and other 
confectionery items.  Some export markets specify soft white wheat less with less than 18 
g/kg N.  Currently, there are no premiums paid to growers for low protein wheat, so high 
protein does not negatively affect the grower.  Grain N increased with biosolids 
application rate at all locations except location 6.   Excluding location 6, low N grain 
(<18 g N/kg) was produced only at biosolids application rates of less than 200 kg N/ha 
(Locations 1 and 2).  Grain N levels continued to increase at locations 1, 2, and 5 at 
biosolids rates above that needed for maximum yield.     
 
Grain N uptake (Fig. 2; Table 5).  This measurement shows how much N is removed 
from the field at grain harvest.  Because of lodging, grain N uptake was actually reduced 
at locations 2 and 3 as the biosolids rate increased from 300 to 600 kg N/ha.  Grain N 
uptake with biosolids at 300 kg N/ha was higher than with inorganic N fertilization at 
locations 1, 3, and 5 demonstrating that biosolids supplied a greater quantity of N than the 
inorganic N fertilizer. 
 
Postharvest nitrate-N (Fig. 2; Table 5) was similar for biosolids at 300 kg N/ha and 
inorganic N fertilizer at all locations except location 5.  Postharvest nitrate-N increased 
significantly when the biosolids rate was increased from 300 to 600 kg N/ha at all 
locations.  This was expected, since yield was maximized at biosolids application rates of 
300 kg N/ha.   
 
Biomass and Yield Components (Tables 6 and 7).  Locations 4 and 5 showed changes 
in biomass production and yield components due to biosolids fertilization.  The yield 
response to biosolids at Location 4 was largely due to increased tillering (more spikes per 
unit area).  At Location 5, the biggest factor in the yield response was a greater number of 
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kernels per spike.  At both locations, yield increases from more spikes and/or larger 
spikes were offset by a lower grain kernel weight.  Some of the light kernels produced 
with biosolids may have been blown out the back of the combine when the large plots 
were harvested.  We got this idea by comparing the hand harvest yields with the combine 
yields.  For the biosolids treatments, the grain yield determined by hand harvesting 
(Tables 5 and 6) was about 1 Mg/ha higher than for combine harvest (Fig. 1).  For the 
zero N treatment, hand harvest and combine harvest gave similar yield estimates.   
 
The differences in yield response pattern between Location 4 and 5 were probably 
strongly influenced by wheat variety.  The Eltan variety used at Location 4 responded to 
increased biosolids application rates by producing large quantities of tillers and straw.  In 
contrast, the Tres variety at location 5 did not increase tiller production above that 
produced with inorganic N fertilization, even with 900 kg N/ha applied as biosolids.  
Increased straw production is desirable in terms of soil conservation and the opportunity 
for a straw harvest.  It is a negative when it reduces grain yield by increasing plant water 
stress.  Choosing the right variety is an important component of a program to beneficially 
use biosolids in dryland cropping systems. 
 
 
Extractable soil nutrients (S, Zn, and P; Fig. 3 and Table 8).  
 
Sulfate-S was significantly increased (P < 0.10) by biosolids fertilization at all locations.  
The increase in extractable sulfate-S with biosolids was equal to 3.1, 4.9, and 3.8 g S/kg 
biosolids at locations 3, 4, and 5, respectively.  Based on this estimate of sulfate-S per 
unit of biosolids, the increase in soil sulfate-S after application of biosolids at 300 kg 
N/ha should be about 27 kg S/ha.  Sulfur uptake by wheat grain is usually less than 10 % 
of the N uptake.  Since grain N uptake at a high yielding dryland site is about 100 kg N/ha 
(Fig. 2), we would expect S removal to be less than 10 kg/ha.  Therefore, the sulfate-S 
generated by application of biosolids at a rate of 300 kg N/ha should be enough to satisfy 
crop requirements for 2 or 3 cropping cycles, provided leaching losses are not significant. 
 
Olsen (bicarbonate) P was significantly increased (P < 0.01) by biosolids fertilization at 
all locations.  The depth sampled (10 cm) probably does not fully represent the depth of 
biosolids incorporation; additional P from biosolids application is probably present below 
10 cm.  Across locations, application of biosolids at a rate of 300 kg N/ha (175 kg P/ha) 
increased bicarbonate P from 20 mg/kg to 33 mg/kg. The additional P removed with 
biosolids fertilization at 300 kg N/ha was about 2 kg P/ha at locations 4 and 5 (data not 
shown). The P supplied by biosolids should be enough to satisfy crop requirements for 
many (10 + ?) crops. 
 
Zinc (DTPA extraction) was significantly increased (P < 0.01) by biosolids fertilization 
at all locations.  Even at high biosolids rates, extractable Zn levels in our study are far 
below levels toxic to plants.  The increase in plant-available Zn probably does not 
represent a major soil fertility benefit.  Wheat is very tolerant of low soil Zn availability, 
and yield response to applied Zn on wheat has not been demonstrated in our area.  
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Application of high rates of P fertilizer sometimes result in a crop Zn deficiency.  
Phosphorus induced Zn deficiency appears highly unlikely with biosolids application, 
since both nutrients are applied simultaneously 
 
 

Summary and Conclusions 
 
Anaerobically-digested, dewatered biosolids are a dependable nutrient source for dryland 
cropping systems.  Adequate N for maximum yield was present at all locations with a 
biosolids application rate of 300 kg total N/ha.  A single application of biosolids supplied 
enough P, S, Zn for two or more crops.  In addition to the benefits reported here, growers 
also observe significant benefits in reducing wind erosion from biosolids application.  
Long-term research (6 to 10 years after a single application) is needed to measure the 
residual effects of biosolids on site productivity. 
 
A true "agronomic rate" (exactly matching N supplied with crop N needs) is probably about 
5 Mg/ha biosolids (2 dry tons/acre) for our 25 to 35 cm precipitation zone.  This would 
supply about 200 kg total N/ha.  This application rate is below the spreading capability of 
most manure spreaders.  A reasonable solution to this problem is to apply a spreadable 
biosolids rate and eliminate, or reduce N fertilization for succeeding crops, based on soil 
nitrate tests.  After the first crop, we recovered most of the postharvest nitrate-N from the 0-
60 cm depth (data not shown).  Under our low precipitation conditions, this residual nitrate-
N will be available for uptake by the second crop after biosolids application.  An application 
rate of 7 to 10 Mg/ha (3 to 4 dry tons/acre) may provide enough N for 2 or 3 crops.  
 
Grower confidence in biosolids fertilization is essential to continued biosolids utilization in 
dryland cropping systems.  Varieties that do not lodge with high fertility are needed to 
ensure consistent yield performance with biosolids.  In our study, we observed large 
reductions in grain yield and grain test weight associated with lodging.  The high grain N 
produced by biosolids fertilization is a potential problem for soft white wheat production, 
but could be an asset for production of hard red winter or hard red spring wheat.   
 
The greatest benefit to the grower from biosolids application comes from the first biosolids 
application at a site.  Biosolids recycling programs designed to maximize beneficial use 
should concentrate on one-time applications over large acreages, rather than repeated 
applications on small acreages.  Local biosolids permitting agencies can promote beneficial 
use by streamlining the permit process for dryland sites which have a very low risk of off-
site pollution. 
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