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Abstract:  
Soil acidification is a significant issue faced by agriculture in Eastern Washington. Acidification 
increases concentration of exchangeable aluminum (Al) in soil and reduces nutrient availability 
leading to reduced plant vigor, greater disease incidence, and reduced yield. Liming is the 
recommended remedy, but economic feasibility is questionable due to its high cost and limited 
supply of liming materials in the region. Thus, in this project locally available industry co-
products were studied for use as alternatives for agricultural lime (aglime). Two forms of 
biochar (BC1, BC2), Avista wood ash (AVS), Pelletized (PFA) and flour paper mill fly ash (FFA) 
were applied individually and in combination to three soils, Rockford Larkin-Southwick complex 
[Low pH (3.7), high Al (230 ppm)], Pullman Caldwell silt loam [low pH (4.6), low Al (5.6 ppm)] 
and Naff series soil [low pH (4.6)]. Soil pH data collected from three separate experiments 
revealed that FFA applied at the same or half-rate as aglime resulted in a comparable or greater 
increase in soil pH as aglime and at a faster rate. AVS and PFA caused increases in soil pH as well 
but were not as impactful as FFA. Both aglime and FFA resulted in increased soil concentration 
of Ca, but concentrations of K, Cu, Cl, and B were increased only by FFA. Furthermore, soil 
concentrations of Al, Mn, and Fe decreased following both FFA and aglime amendment. 
Application of FFA resulted in reduced Al concentration in Rockford soil by 97% compared to a 
93% reduction with aglime. Uptake of N, P, K, S, Zn, and Mn was reduced in winter wheat plants 
grown in either aglime- or FFA-amended soils. However, uptake of B was less in plants grown in 
FFA-amended soils. No traces of Cd, Cr, or Pb were found in plants grown in any amended soils. 
Winter wheat variety ‘Stephens’ and spring wheat variety ‘Louise’ grown in soils treated with 
FFA had statistically similar or greater aboveground biomass as aglime. The biochar products 
used in the study did not have a significant overall impact on soil pH, nutrient availability, plant 
biomass, or nutrient uptake. Based on these findings, FFA could be an effective replacement for 
aglime.  

Project Description: 
Soil acidity is an important issue on agricultural crop lands worldwide, and about 40-50% of 
total arable lands in the world are acidic (Hajkowicz and Young, 2005; Guo et al., 2010). Soil 
acidification is an ongoing natural process in environments where rainfall exceeds 
evapotranspiration but is accelerated by human activity (Bolan et al., 2003). In the case of 



agricultural soils, the main factor influencing acidification is fertilizer usage, especially 
ammonium-based nitrogen fertilizers (Schroder et al., 2011; Moody and Aitken, 1997).  
 

 

 

 

 

 

 

Increasing soil acidity of the Inland Pacific Northwest (IPNW) region was reported in 1985, with 
over 60% of agricultural lands in northern Idaho and eastern Washington having pH values less 
than 6.0 (Mahler et al., 1985). Recent soil surveys have shown that many sites throughout the 
IPNW have been reported soil pH below 5.0 (McFarland and Huggins, 2015).  

Major impacts of soil acidification on plant growth include changes in nutrient bioavailability, 
which leads to phosphorous (P) deficiency and aluminum (Al) toxicity. P deficiency causes yield 
reduction and increased disease susceptibility in all crops, including wheat (McFarland and 
Huggins, 2015). Al toxicity results in deformed root systems of wheat and causes yellowing of 
leaves and stunting of the plants; both issues contribute to loss of yield in wheat (Koenig et al., 
2011). 

Although plant vigor is negatively affected by decreased soil pH, many pathogenic and non-
pathogenic soilborne fungi thrive in high acidity conditions. Cephalosporium gramineum, which 
causes Cephalosporium stripe disease in wheat is a common vascular pathogen in the IPNW. 
Cephalosporium stripe incidence and severity increase when soil pH decreases from 7.0 to 4.5, 
which may be due to increased sporulation of the fungus in acidic conditions (Love and Bruehl, 
1987; Anderegg and Murray, 1988; Stiles and Murray, 1996; Murray and Walter, 1991). Grain 
yield of susceptible cultivars can be reduced up to 100% due to Cephalosporium stripe. 

Application of agricultural lime is recommended to reduce soil acidity. Soluble P increases with 
pH increase by liming and reduces the problem of P deficiency (McDowell et al., 2002; Haynes, 
1982). Liming can also reduce the activity of Al3+ ions in soils (Brown et al., 2008). 
Cephalosporium stripe disease incidence decreased significantly when soil pH was increased 
from 5.2 to 6.0 by liming, and a significant increase of yield was observed (Murray et al., 1992).  

Agricultural limestone sources are limited in the IPNW, creating a demand for alternative 
products that can used as liming material. Biochar and paper mill fly ash are two materials that 
can be used as substitutes for traditional liming material. Biochar has shown potential to 
increase soil pH and reduce disease incidence in crops (Elmer and Pignatello, 2011). In addition, 
biochar can improve bioavailability of plant nutrients and enhance activity of soil microbes 
(Atkinson et al., 2010). The effect of biochar application differs based on source material and 
production conditions (Jaiswal et al., 2014). Therefore, every biochar available in the market 
may not be suitable to address the issue of soil acidity in the IPNW. 

Papermill fly ash is a byproduct of paper production and has been used as an adjunct in cement 
production, as well as to remediate degraded soils (Jala and Goyal, 2006). Papermill fly ash is 
readily available due to the number of paper mills in the region and can potentially be a cheap 
alternative to agricultural lime. 



The overall objective of this project was to determine if biochar and paper mill fly ash could be 
effective alternative liming materials to ameliorate soil acidity in the IPNW. Three different 
types of experiments were conducted to answer these questions: 1) soil incubation studies 
were conducted to determine the impact of biochar and paper mill fly ash on soil pH, 2) 
biomass studies were conducted to determine the impact of paper mill fly ash and biochar on 
soil pH and biomass accumulation of wheat, and 3) microplot studies were conducted to 
determine the effect of biochar and paper mill fly ash on soil pH, soil nutrient availability, wheat 
growth, wheat nutrient uptake, and Cephalosporium stripe disease severity.  
 

 

 

 

Outputs 
 Overview of Work Completed and in Progress: 
The impact of five alternative amendments on soil and plant parameters were tested. Soil 
parameters included pH and nutrient availability and plant parameters included biomass, 
nutrient uptake, heavy metal uptake, and Cephalosporium stripe disease severity. The biomass 
accumulation study and microplot studies were repeated for two growing seasons. Soil pH data 
were collected from all three experiments. Plant biomass data were collected from the biomass 
accumulation study and microplot study. Soil nutrient availability, plant nutrient uptake, heavy 
metal uptake, and Cephalosporium stripe disease severity data were collected from the 
microplot studies. All experiments were completed, and data has been collected and analyzed.  

 Methods, Results, and Discussion (discussion for final reports only):  
Methods: 
Soils and amendments: Rockford Larkin-Southwick complex (S1: Low pH (3.7), high Al (230 
ppm)), and Pullman Caldwell silt loam (S2: Low pH (4.6), low Al (5.6 ppm)) soils were used for 
the biomass and the microplot studies described below. Additionally, a Naff series soil (S3: Low 
pH (4.6), Al (unknown)) was used in the incubation study. Wood-based (BC1: Amarone) and 
wheat straw-based (BC2: Ag Energy solutions, Spokane Valley, WA) biochars and a fluidized 
combustion bed papermill fly ash (FFA: Inland Empire Paper Co., Spokane, WA) were included in 
all experiments. Calpril, a lime product (FAL: Pacific Calcium Inc, Tonasket, WA., CCE= 91%), was 
used in the biomass and microplot studies as a lime agent control. Wood ash (AVS: Avista 
Corporation) and a pelletized fly ash (PFA:  Inland Empire Paper Co., Spokane, WA) were used in 
the incubation study.  

Experimental design- Soil incubation study: Amendments were mixed with each soil 
individually at three different rates: 4.9 Mg/ha, 9.9 Mg/ha and 14.8 Mg/ha. The experiment was 
arranged as a 3 x 5 x 3 randomized complete block factorial design with four blocks. A control 
jar containing soil with no amendments was included in each block resulting in 48 total 
treatments with four replicates each. Soil water content was maintained at 80-90% of field 
capacity throughout the experiment as described by Jones and Mallarino (2018). Soil pH was 
measured using 1:1 CaCl2 method at 4-week intervals (Miller et al., 2013; Miller and Kissel, 
2010). 

Biomass accumulation study: Pots containing soil from each treatment were arranged as a 2 x 
3 x 5 randomized complete block factorial design with a total of 30 treatments, with four 



replicates each. Cold- shocked seeds of spring wheat variety ‘Louise’ were planted at 1 cm 
depth and 5.0 cm apart using a planting grid, with four seeds per pot. Plants were grown in a 
greenhouse with a 12-hour photoperiod and 20ᵒC day: 15ᵒC night temperatures. Soil samples 
were collected from each pot before planting and following harvest, and pH was determined as 
described above. Plants were harvested at the soil line following anthesis, 10 weeks after 
planting. Plants were dried at approximately 60ᵒC for up to 5 days, and weight was recorded. 
 

 

 

 

 

Microplot study: Soil was weighed into round 12 L pots that were then buried in sand beds, 
arranged in a 2 x 3 x 3 randomized complete block factorial design. There were 18 total 
treatments, with four replicates for each treatment. A set of 2.6 L square pots filled with soil 
from each treatment were buried in the sand bed next to each block for sampling. Soil samples 
were collected from each treatment before planting, and then at 1-month intervals from each 
square pot to measure soil pH as described above. 

Seeds of winter wheat variety ‘Stephens’ were planted at 2.5 cm depth and 5.0 cm apart with 
16 seeds per pot using a planting grid. No seeds were planted in the small square pots. Before 
planting and after harvest, a composite soil sample was collected from each treatment and sent 
to Best Test Analytical Services (Moses Lake, WA) for complete soil nutrient analysis.  

Five weeks after planting, each treatment was inoculated with C. gramineum strain Cg84-30 
grown on oat kernels (Bruehl et al.,1964; Bruehl et al., 1986). Additionally, in 2019/20, two 
spore suspension inoculations were done. Plants were harvested at the soil line in the milky 
ripe stage (Feekes growth stage 11.1) of growth (Large, 1954). Cephalosporium stripe disease 
severity was assessed using methods described by Specht and Murray (1990) and Murray et al 
(1992). Following disease evaluation plants from each pot were dried as described above, and 
weight was recorded. Samples from the dried plant material were submitted to Brookside 
Laboratories, Inc. (New Bremen, OH) for plant tissue nutrient content and heavy metal 
accumulation analysis.  

Data analysis:  Data analysis was done using R Studio 1.1. 456 (RStudio Team, 2016). 

Results: 
Soil pH: The data from all three experiments demonstrate a resultant pH increase following 
application of flour fly ash, pelletized fly ash, Avista ash, and aglime, compared to the untreated 
control. Flour fly ash application resulted in a similar or greater change in soil pH compared to 
aglime when applied at same rate and reacted at a faster rate than aglime. Flour fly ash also 
resulted in a significant increase in pH compared to equivalent rates of pelletized fly ash and 
Avista wood ash. A progressively greater soil pH was detected when the application rate of 
pelletized fly ash or flour fly ash was increased.  Biochar products (Amarone and AgEnergy) did 
not have an impact on soil pH. 
 
Soil nutrient availability: Significantly greater Ca concentrations were reported in both soils 
treated with either fly ash or aglime. Soil Al, Mn, and Fe concentrations were reduced following 
fly ash and aglime application. K, Cu, Cl, and B increased in soils treated with fly ash, but not by 



aglime. Ammonium N content was detected to be higher in Palouse soils treated with Amarone 
biochar. Increases in soil K and Fe were reported following Ag Energy biochar application. 
 

 

 

 

 

 

 

Plant biomass: The data for winter wheat variety ‘Stephens’ demonstrated an increase in plant 
biomass compared to the control following flour fly ash or aglime application in Rockford soil. 
When applied at the same rate, there was no significant difference in biomass of winter wheat 
grown in fly ash and aglime-amended Rockford soil. The data for spring wheat variety ‘Louise’ 
revealed that flour fly ash application at a similar or higher rate as aglime resulted in an 
increase of aboveground plant biomass compared to aglime or control. Most aglime-containing 
treatments did not show an increase in plant biomass in spring wheat compared to the control. 
No significant change in biomass compared to control was observed in winter wheat or spring 
wheat grown in Palouse soil.  Biochar products did not have a significant impact on biomass of 
winter of spring wheat varieties.  

Plant nutrient content: An increase in Ca uptake by wheat plants was reported in this study, 
following application of fly ash or aglime. A significant reduction in uptake of N, P, K, S, Mn and 
Zn was observed in treatments containing fly ash or aglime. Uptake of B was less in plants 
grown in fly ash amended soils only. Biochar application did not cause significant change in 
uptake of any nutrient compared to the control.  

Plant heavy metal content: None of the plant samples contained the heavy metals tested: Cd, 
Cr and Pb. 

Cephalosporium stripe disease: Disease incidence and severity were not sufficient to make 
predictions on the impact of amendments on the Cephalosporium stripe disease. 

Discussion: 
The current project demonstrated that papermill fly ash used in this study could be a suitable 
replacement for aglime to reduce acidity in the Inland Pacific Northwest. It has a high lime score 
and causes a similar or better impact on soil pH compared to aglime. The effect of this 
papermill fly ash product on wheat plant biomass, soil nutrient availability, soil Al, and plant 
nutrient uptake were also better or similar to that of aglime product used. The ability to reduce 
the soil Al concentration is especially beneficial as Al toxicity is a prominent issue in crops 
grown in acidified soils.  

Papermill fly ash could also act as a fertilizer source, as it resulted in increase of the 
concentration of some soil nutrients such as K, Cu, and Cl that aglime did not. Therefore, fly ash 
can provide added benefits compared to conventional liming material. The impact on plant 
biomass caused by fly ash could be considered a cumulative effect of increased soil pH, reduced 
Al toxicity and increased nutrient availability.  

The biochar products and the Avista ash products tested did not have a significant impact on 
soil and plant parameters tested and therefore cannot be recommended as liming agents. The 



lack of effect on soil pH could be attributed to the low lime values of the two biochar products. 
This study stresses the importance of selecting the correct biochar product for liming purposes 
and provides further evidence that every biochar product may not be suitable for liming.  

 

 

 

 

 

 

Publications, Handouts, Other Text & Web Products: 
A manuscript is in preparation 

Outreach & Education Activities: 
Murray, T.D. Effect of Soil Acidity on Wheat Diseases. Soil Acidity Workshop, WSU Farmers 
Network, Pullman, WA, January 16, 2020. 

Murray, T.D. Soil Acidity – Its causes and Impacts on Wheat Diseases. Management Matter for 
Soil Health, WSU Farmers Network, Pullman, WA, February 21, 2019. 

Murray, T.D. Cultural Management of Soil-borne Plant Diseases. Management Matters for Soil 
Health, WSU Farmers Network, Pullman, WA, January 22, 2019. 

Murray, T.D. Soil Acidity – Its Causes and Impacts on Wheat Diseases. Far West Ag Expo, 
Kennewick, WA, December 21, 2018. 

Impacts  
 Short-Term: The impact of papermill fly ash and two biochar products on soil and plant 

health parameters related to soil acidity has been assessed through this study. The data 
collected in this study provided insight into the suitability, benefits and pitfalls of each 
material in a controlled experimental setting. Such data related to the specific materials 
used in this study were unavailable previously, and generation of this preliminary data have 
created the prospect of further investigations.  

 Intermediate-Term: The results of this project can be used as a basis to formulate 
hypotheses and propose field trials to determine the impact of paper mill fly ash and 
biochar on soil pH and other soil and plant parameters. It is likely some of the parameters 
may shift differently under filed conditions. However, the data generated from this study 
could provide important information on application rates of the amendments needed to be 
used to produced desired results.  

 Long-Term: Based on the data from field studies, papermill fly ash product used in this 
project could be introduced to farmers in the IPNW, as an alternative to aglime to resolve 
soil acidity. With the potential lower cost and added fertilize benefits, papermill fly ash is 
likely to be more economically beneficial material compared to conventional aglime.   

 
Additional funding applied for/secured:  

Murray, T.D. and H. Tao. 2019. Impact of Biochar and Fly Ash Application to Agricultural Soils 
on Soil Health and Crop Productivity. $150,000. O.A. Vogel Wheat Research Fund. 



 

 

 

 

 

Graduate students funded:  
One M.S. student was funded, who completed the degree requirements in fall 2020 interim 
period. 

Recommendations for future research: 
Data related to long term impact of paper mill fly ash on soil chemistry are not currently 
available. Trends related to soil chemistry observed in this study such as B increase and Mn 
decrease needs further investigation, as they could cause detrimental issues for plant growth 
due to repeated or long-term application. Although there were no detectable concentrations of 
Cr, Cd, and Pb in the soil following application for this fly ash, the concentrations of other heavy 
metals such as Ag and Hg should also be tested before applying this amendment to agricultural 
lands.  

In the IPNW, an alternative liming material may help to reduce prevalent pathogens like 
Cephalosporium gramineum in wheat by increasing soil pH to make soil conditions less 
favorable for pathogen growth. However, the data collected in the current project were not 
sufficient to make any predictions on pathogen control by any amendment, and therefore, 
needs further exploration. Field studies addressing these questions are in progress. 

It is unclear if the mechanical application methods currently used for aglime can be used for 
paper mill fly ash product due to differences in particle size and weight between the two 
amendments. The availability of such data would allow a more comprehensive cost-benefit 
analysis of paper mill fly ash as a liming material.  

As the low cost of alternative amendments compared to aglime is one of the most appealing 
qualities for the growers, presenting a cost-benefit analysis could encourage growers to try 
these materials. Furthermore, given that wood-based ash product, such as paper mill fly ash, 
adds multiple nutrients to the soil, they may contribute to a reduction of cost for fertilizer, 
which should be considered an added commercial value as well. However, more recent data on 
nutrient content in paper mill fly ash and nutrient values are needed to produce a more 
accurate fertilizer value. Such information would be essential to capture growers’ interest in 
using wood ash products in their lands.  
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