
 

 

 

Evaluation of cattle manure ash as an alternative 

phosphorus fertilizer 

 

 
 

 

 

 

 

 

March 2018  

 

 

Tran Quoc Thinh 
 

 

 

 

 

 

 

 

 

 

 

Graduate School of Environmental and Life Science 

(Doctor’s Course) 

OKAYAMA UNIVERSITY



I 

 

 

CONTENT 

ABSTRACT………………………………………………………………………………………………IV 

KEYWORD……………………………………………………………………………………………….IV 

ACKNOWLEDGEMENT………………………………………………………………………………..V 

LIST OF TABLES………………………………………………………………………………………VIII 

LIST OF FIGURES……………………………………………………………………………………….X  

Chapter 1 General introduction…………………………………………………………………1 

1.1. Overview of phosphorus status ................................................................................................. 1 

1.2. Phosphorus recovery potential................................................................................................... 1 

1.3. Aims of the thesis ...................................................................................................................... 5 

1.4. Outline of the thesis ................................................................................................................... 6 

Chapter 2 Phosphorus release from cattle manure ash as soil amendment in laboratory-scale 

tests ............................................................................................................................. 12 

2.1. Introduction ............................................................................................................................ 12 

2.2. Materials and methods ............................................................................................................ 14 

2.2.1. Cattle manure ash production and soil sampling ................................................................. 14 

2.2.2. Water-soluble P release kinetics .......................................................................................... 16 

2.2.3. Phosphorus fractionation ..................................................................................................... 17 

2.2.4. Phosphorus release from cattle manure ash–amended soil ................................................. 17 

2.2.5. Data analysis ........................................................................................................................ 18 

2.3. Results and discussion ............................................................................................................ 19 



II 

 

2.3.1. Kinetic release of phosphorus from cattle manure ash ........................................................ 19 

2.3.2. Phosphorus release from soils amended with different P sources ....................................... 22 

2.4. Conclusion .............................................................................................................................. 28 

Chapter 3 Phosphorus release from cattle manure ash by interaction with common ions in 

soil............................................................................................................................... 40 

3.1. Introduction ............................................................................................................................ 40 

3.2. Materials and methods ............................................................................................................ 41 

3.2.1. Effects of common ions ....................................................................................................... 41 

3.2.2. Lability of P after interacting with ions ............................................................................... 42 

3.3. Results and discussion ............................................................................................................ 42 

3.3.1. Effects of common ions on P release ................................................................................... 42 

3.3.2. Effects of common ions on lability of P .............................................................................. 47 

3.4. Conclusions ............................................................................................................................ 48 

Chapter 4 Effects of a washing process of cattle manure ash on shoot and root growth of 

komatsuna (Brassica rapa var. perviridis) at the seedling stage ............................ 52 

4.1. Introduction ............................................................................................................................ 52 

4.2.1. Cattle manure ash ................................................................................................................ 53 

4.2.3. Plant parameters .................................................................................................................. 56 

4.3. Results .................................................................................................................................... 57 

4.3.1. Properties of ash extracts ..................................................................................................... 57 

4.3.2. Germination rates ................................................................................................................ 58 



III 

 

4.3.3. Root and shoot elongation ................................................................................................... 58 

Chapter 5 Phosphorus and potassium availability from cattle manure ash in relation to their 

extractability and grass tetany hazard ................................................................... 69 

5.1. Introduction ............................................................................................................................ 69 

5.2. Materials and methods ............................................................................................................ 72 

5.2.1. Cattle manure ash ................................................................................................................ 72 

5.2.3. Greenhouse pot experiment ................................................................................................. 73 

5.2.4. Data analysis ........................................................................................................................ 75 

5.3. Results and discussion ............................................................................................................ 76 

5.3.1. Extractability of P and K in cattle manure ash .................................................................... 76 

5.3.2. Guinea grass yields and P uptake in relation to P solubility in cattle manure ash ............... 77 

5.3.3. Potassium availability in relation to grass tetany hazard ..................................................... 82 

5.4. Conclusions ............................................................................................................................ 86 

Chapter 6 Summary, conclusions, and further studies .......................................................... 103 

6.1. Summary ............................................................................................................................... 103 

6.2. Conclusions .......................................................................................................................... 105 

6.3. Implication for further studies .............................................................................................. 105 

  

 

 



IV 

 

ABSTRACT 

Tran Quoc Thinh, 2018. Evaluation of cattle manure ash as an alternative phosphorus 

fertilizer. Doctor dissertation, Okayama University, Japan.  

Due to a decrease in mined rock phosphate (P), we need to find an alternative P source for 

sustainable agricultural development. Recovering P from livestock manure by an incineration 

process would be an option for this purpose. In addition, the ash use may prevent P leaching 

compared with fresh manure over-application and reduce costs of transportation. Because cattle 

manure accounts for the majority of the total livestock manure in Japan, cattle manure-derived ash 

(CMA) was used to explore a possibility of alternative P fertilizer. Cattle manure ash contains not 

only a large amount of P but also potassium (K). To propose an application guideline for CMA, both 

laboratory and field experiments were conducted. The purposes of the study are: 

1. To determine water-soluble P release in CMA and soil amended with CMA and plant-available P;  

2. To identify effects of cations and anions on P release from soil amended with CMA; 

3. To evaluate impacts of washing of CMA on shoot and root growth at the seedling stage of 

Komatsuna; and  

4. To evaluate the uptake of P and K by Guinea grass in relation with their extractability in CMA 

and the grass tetany hazard. 

(1) Water-soluble P in CMA-amended treatments was less than those in cattle manure 

compost and chemical fertilizer treatments in sandy soil. In contrast, available P was not 

significantly lower in soil with CMA than those with the compost and chemical fertilizer. (2) NH4
+, 

HCO3
-, and SO4

2- increased P release from soil amended with CMA. (3) Water-soluble K in CMA 

extracts was stimulated root and shoot elongation of Komatsuna. Because there was no effect of 

salts in CMA extracts on the seedlings of Komatsuna at EC <3 dS m-1, a washing of CMA is not 

necessary. (4) Pot experiments showed that Guinea grass yields were similar between CMA and 

chemical fertilizer treatments. The P availability in CMA can be predicted by 2% formic acid 

extraction without sonication. High K uptake from CMA application increased the potential hazard 

of grass tetany. The washing would be an option to reduce K content to reduce a risk of grass tetany. 

Thus, this study recommends the use of CMA as P fertilizer with the consideration of the grass 

tetany hazard.  

 

KEY WORDS: Cattle manure ash, phosphorus release, phosphorus availability, Fukushima soil, 

2% formic acid, potassium availability, grass tetany hazard.   
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1. Overview of phosphorus status  

 Phosphorus (P) is a limited resource and is indispensable as an essential nutrient for the 

growth of organisms in most ecosystems. Phosphate rock, which is used to produce P fertilizer, is 

a non-renewable resource and unevenly distributed on the Earth. The biggest pool of P deposit is 

in sediment and igneous rock; however, the reserve and availability of P of exploitable deposits 

have been exhausted rapidly and is not commensurate with the sustainable development 

(Chesworth 2008; Steen 1998). Moreover, together with the world population growth, the 

development of food requirement will drive the development of agriculture that will be followed 

by the increase of P use and market price in the future. The demand for phosphate fertilizer (as 

P2O5) alone increased from 9 × 106 to 34 × 106 metric tons between 1960 and 2000 and was 

expected to increase further to 84 × 106 metric tons by 2050 (Tilman et al. 2001). The P reserves 

of high quality will be depleted within 70 to 100 years (Schoumans 2010; Smit et al. 2009; Steen 

1998) and the reserve will be diffusely distributed over the world. Global P production reserves are 

likely close to the peak, and subsequently decrease dramatically (Cordell et al. 2009). 

1.2. Phosphorus recovery potential 

 More than 80% of mined P is used for agricultural purposes such as P fertilizer production 

and P additives in animal feed (Schoumans et al. 2010).  To tackle resource depletion, the effective 

use and recovery of resources after use are necessary in countries that have no economically viable 

phosphate rock reserves, like Japan. Almost P is imported in Japan, approximately 630 kilotons of 

P per year (ktP y-1) (Fig. 1.1). Fertilizer production and food additives require large of P, followed 

by iron and steel industry (Matsubae et al. 2011). They also found that a great of P is finished up  
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Figure 1.1. Substance flow of P in Japan (2005) (Matsubae et al. 2011) 

food waste, animal manure, sewage sludge, and steel-making slag. Since total P from these 

resources are about 330 ktP y-1 (approximately a half of the total imported P), P recovery is potential 

in Japan. 

Globally, growing population and income drives the increase of meat demand, so it is likely 

animal manure consequently grows. Livestock manure supplies an important source of nutrients 

such as nitrogen (N) and P that ameliorate soil (Murwira et al. 1994; Zingore et al. 2008).  Because 

of total P ingested by animal, about 70% is excreted (Church 1979), the recovery of P from manure 

application has been carried out with long history. However, there has been studies show negative 

impacts of manure application in farmland. First and foremost, because it is costly to transport of 

manure that contains water and organic matter content, manure tends to be applied in farmlands 

where close to manure production place. Consequently, overapplication of manure causes some 

environmental problems. For example, manure application has potentially negative impacts on the 

Food & Feed Human 

Human sewage 
Livestock 

River/ 

Coast area 
Farm/Ranch 

Sludge 

Landfill 

Soil 

accumulation 

Fertilizer Fertilizer 

Yellow 
phosphorus 

Chemical 

substance 

Phosphate ore 

Domestic 
products 

Other mineral 

resources 

Chemical 

industry 

Other industry Products/ 

By-products 

Steel Steelmaking 

industry 
Slag 

163.1 100.0 

17.4 111.0 

164.1 86.6 

45.2 

283.8 
53.3 

53.3 

31.5 

141.1 

101.4 

137.6 
20.9 

45.8 

110.5 11.2 

104.0 

185.3 

12.5 

3
9
.6

 

4
4
.1

 

16.1 

31.5 

31.5 

141.1 

101.4 

55.9 

196.6 

Unit: kt-P 



3 

 

environment due to gaseous emission, especially nitrous oxide (N2O), methane (CH4) (Chadwick 

et al. 2011),  and ammonia (NH3) (Misselbrook et al. 2005). Animal manure contributes 23% 

worldwide nitrogen loss via NH3 volatilization (Steinfeld 2006). In addition, groundwater is 

contaminated by nitrate-nitrogen discharged from huge livestock farms, which leads to 

deterioration of drinking water, eutrophication, and indirect emission of N2O (Webb et al. 2014). 

Composting seems to be an effective solution to reduce organic wastes for an organic matter 

fertilizer, but still has some drawbacks. Eghball et al. (1997) demonstrated that nutrient loss during 

composting is very huge, especially nitrogen, potassium, P and sodium through runoff and leaching 

to surface and ground water. In Japan, the annual production of livestock manure reached 8.8 x 107 

t in wet weight (MAFF 2011), including 6.8 x 105 t N and 1.2 x 10105 t P (Mishima et al. 2009). 

Uneven distribution of livestock farms and larger livestock manure per cropland in Kagoshima, 

Miyazaki, Tokushima, Aichi, and Iwate (Tsuiki and Harada 1997) causes the excessive application 

of manure due to high cost of transportation and disposal in Japan. The recycling technology of 

livestock manure is thus necessary for a sustainable agriculture development and prevention of 

nutrient leaching in Japan.  

1.3. Phosphorus recovery by incineration 

Recently, thermal treatments such as incineration and gasification were introduced to 

convert biomass into energy. Manure is used in energy generation by incineration in many countries 

such as European countries, Mexico, China, Pakistan, and India (Bhattacharya et al. 2000; 

Reijnders and Huijbregts 2005; Watson and Chow 2001; Venkataraman and Rao 2001). Besides 

energy generation, incineration of manure has been also suggested to reduce volume by destroying 

organic matter and enrich nutrients such as P and potassium (K) in the product (ash), which is stable 

for long term storage and easily transported to remote areas. Many studies have focused on P 
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recovery by incinerating livestock manures. Thygesen et al. (2011) and Christel et al. (2014) 

studies effect of different temperatures on plant-available P in ash derived from animal manure. 

95% of total P in manure was recovered by incineration (Hermann 2006). The recoveries of P are 

76–89% for cattle manure ash, 90–100% for laying-hen manure ash, and 95–100% for swine 

manure ash (Huang et al. 2011). Komiyama et al. (2013) reported that the contents of P in ash are 

3–4% for cattle manure, 11–12% for swine manure, 5–7% for layer manure, and 10% for broiler 

manure, respectively. Besides P, incineration of animal manure also retained high contents of K, 

Mg, Ca, and other elements. Potassium availability has been recently studied in wood ash 

(Haraldsen et al. 2011; Ohno and Erich 1990; Sharifi et al. 2013), while that in manure-derived ash 

has been not fully understood. In previous studies, K content was 34,700 mg kg-1 in pig manure 

ash (Kuligowski and Luostarinen 2011), 39,000 mg kg-1 in poultry litter ash (Codling et al. 2002), 

and 48,400 mg kg-1 in cattle manure ash (Komiyama et al. 2013). Incineration process efficiently 

recovers nutrients, especially P in ash, which is a potential source of P fertilizer.  

Animal manure ash can be directly applied in soil as P fertilizer, while sewage sludge ash 

should be pretreated before application due to high content of heavy metals (Herzel et al. 2016). 

The availability of P from animal manure ash has been studied in many countries such as in Japan 

(Komiyama et al. 2013), in Europe (Christel et al. 2014; Kuligowski et al. 2012), in the USA 

(Codling et al. 2002). Ash derived from poultry litter, pig manure, and wood ash has been tested 

for potential use for plants (Codling et al. 2002; Komiyama et al. 2013; Kuligowski et al. 2012; 

Ohno and Erich 1990). Meanwhile, ash from cattle manure, which accounts for the majority of 

total livestock manure (MAFF 2011), has not been fully acknowledged. Thus, cattle manure ash 

(CMA) would be evaluated for P availability in this study. Moreover, because ash contains large 

amount of K (as mentioned earlier), studying K availability in CMA is very necessary to increase 
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the possibility of using CMA.  

1.4. Aims of the thesis 

The general objectives of this study are to investigate: i) the P release, P forms, and P 

availability in CMA; and ii) to understand the impacts of CMA application on seedlings, soil, and 

K availability. Detail objectives were solved by each experiment as follows: 

- To determine (1) water-soluble P release mechanisms and P fractions in CMA, (2) soluble and 

plant-available P in soil amended with CMA, and (3) appropriate application rates of CMA to 

sandy soil in Fukushima (Chapter 2).  

- To identify the effects of cations and anions on P release from soil amended with CMA (Chapter 

3). 

- To evaluate the impacts of the washing of CMA on shoot and root growth in the seedling stage 

of komatsuna (Brassica rapa var. perviridis) (Chapter 4). 

- To evaluate (1) the extractable P and K in CMA, (2) the uptake of P and K by Guinea grass in 

relation with their extractability, and (3) the relationship between CMA application and the grass 

tetany hazard (Chapter 5). 
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1.5. Outline of the thesis 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Organization of the thesis 
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Washed to 

reduce EC 

Cattle manure ash as an alternative P source 

Chapter 3 

Ash 

P release in soil 

amended with 

CMA 

P soluble in 

water  

Interaction of common ions with P 

release in soil amended with CMA 

Effects of CMA 

on seedlings 

P and K availability 

in soil amended 

CMA 

P fractionation 

P 
NH4

+ NO3
- K+ Na+ Ca2+ 

HCO3
- Cl- SO4

2- 

Other fertilizers 

Soil amendments 

Chapter 2 

Chapter 4 

Chapter 5 



7 

 

This experiment provided different effects of cations and anions on P release from soil amended 

with CMA. By the way, that provided valuable information to improve P release from CMA 

application by adding proper cations and anions. 

Chapter 4 found the effects of washing process of CMA on the growth of komatsuna 

seedlings. Komatsuna seeds were cultivated in Petridish added with different solutions. Growth of 

shoots and roots of Komatsuna was strongly influenced by EC levels, especially soluble salts in 

not-washed ash and washed ash. The results also clarified effects of single salt such as K, Na, and 

P.  

Chapter 5 evaluated P and K availability in relation with their extractability in CMA. A 

bioassay test using Guinea grass grown in Fukushima sandy soil was used to compare the 

availability of P and K from CMA and chemical fertilizer. The appropriate application rate of CMA 

was proposed to reduce excess P and K application from CMA in soil. Besides, tetany grass hazard 

caused by K availability in CMA was also measured.  

Chapter 6 concluded the findings of the dissertation. CMA would be potential P source for 

plants. Further studies were also mentioned. 
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CHAPTER 2 

PHOSPHORUS RELEASE FROM CATTLE MANURE ASH AS SOIL AMENDMENT IN 

LABORATORY-SCALE TESTS 

2.1. Introduction 

The loss of agricultural P leads to the degradation of water quality, acceleration of 

eutrophication, and has significant off-side economic repercussions. Over application of livestock 

manure to farmland to supply nutrients for plants causes risks of P losses to surface water (Sharpley 

et al. 2001). For example, P leaching into the groundwater from application of cattle manure should 

be considered in areas with a shallow and fluctuating groundwater table, especially in sandy soil 

(Eghball 2003). Application of manures such as dairy manure and poultry litter leads to large P 

losses via runoff (Sharpley and Moyer 2000; Sharpley 1997). For instance, 2.4–6.4% of P in poultry 

litter applied to pasture was lost due to runoff water, in which 80–90% of P was dissolved (Edwards 

and Daniel 1993). The water solubility of P from different organic P sources has been shown to be 

a good indicator of P leaching and runoff in soil (Kleinman et al. 2007; Kleinman et al. 2002; 

Sharpley and Moyer 2000). Dou et al. (2000) found 49% water-soluble P in dairy manure, and they 

concluded that P from dairy manure might become susceptible to runoff. McDowell and Sharpley 

(2001) reported that water-extractable P in surface and subsurface soil can be used to estimate P 

runoff as well.  

Phosphorus in incinerated ash is often less soluble, but is considered as a potential P fertilizer 

with low environmental impact (Christel et al. 2014). Recently, incinerated manure has been 

studied for an alternative P fertilizer in many countries including Japan (Komiyama et al. 2013), 

European countries (Kuligowski et al. 2008; Rubæk et al. 2006), the USA (Codling et al. 2002). 

Only 1.5% of total P could be extracted with water from poultry litter ash (Codling 2006) because 
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P compounds are converted from highly water-soluble to more crystalline and less water-soluble 

forms during the incineration process (Thygesen et al. 2011). The ash derived from poultry litter 

(Codling 2006; Yamamoto et al. 2008) and pig manure (Kuligowski and Poulsen 2009) has been 

researched for use as alternative P fertilizers. The potential use of ash as fertilizer was demonstrated 

for barley (Kuligowski et al. 2010) and wheat (Codling et al. 2002). Application of ash instead of 

raw manure to soil can mitigate P losses and increase available P for plants. 

However, the appropriate application rate of manure-derived ash, which minimizes P losses 

and increases P availability for plants, should be adapted to different crops and soils. Codling et al. 

(2002) suggested the use of poultry litter ash as a P fertilizer, but optimal application rates need to 

be further studied. So far, little information on cattle manure ash (CMA) and its application rate 

has been reported. The soil used in this study was collected in the mountains to replace surface soil 

contaminated with cesium-137 in the paddy fields in Kawamata, Fukushima prefecture. The 

replacement soil is virgin, sandy, and deficient in nutrients. A high initial application amount of 

highly soluble P such as chemical P fertilizer would lead to high P loss. Application of CMA can 

be a promising option in this area because of a large amount of cattle manure in Fukushima (52,600 

heads), which was in the 12th place in Japan (Department of Agriculture, Forestry, and Fisheries, 

Fukushima prefecture 2015). Cattle manure ash can be produced from manure in non-137Cs 

contaminated areas in Fukushima and transported to agricultural fields in the target area. Ash is 

easier transported compared to compost or raw manure because of a smaller volume per unit P. 

Initial amendment of CMA in the paddy field soil in Fukushima is expected to mitigate P losses 

and increase available P for plants. Therefore, a full understanding of P release from CMA to soil 

solution is necessary for the efficient use of CMA. The objectives of the present study were (i) to 

determine water-soluble P release mechanisms and P fractions in CMA, (ii) to examine soluble and 
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plant-available P in soil amended with CMA, and (iii) to suggest appropriate application rates of 

CMA to soil.  

2.2. Materials and methods 

2.2.1.  Cattle manure ash production and soil sampling 

Composted cattle manure was incinerated using a pilot-scale fluidized bed incinerator at a 

temperature of 850oC for 24 h (Oshita et al. 2015). The composted cattle manure was collected at 

a composting facility located in Handa City, Aichi Prefecture, Japan. For efficient incineration, 

water content was reduced to 39%. The ash was digested with a combined concentrated acid 

solution of 3 mL HF, 5 mL HNO3, 2 mL HCl, and 18 mL saturated H3BO3. Fifty milligrams of 

CMA were mixed with 10 mL of the combined acid solution. The mixed samples were heated in a 

microwave oven at 190oC for 15 min. Finally, concentrations of P, K, Ca, Mg, and Na were 

determined using inductively coupled plasma atomic emission spectrometry (ICP-AES; ICPS-8000, 

Shimadzu, Japan) (Table 2.1). Electrical conductivity (EC) and pH of CMA were analyzed at 1:10 

ratios (ash:deionized water) with digital EC (DS-14, Horiba, Japan) and pH meters (F-23, Horiba, 

Japan). The value of EC and pH were 47.9 dS m-1 and 9.8, respectively. 

Physical and chemical properties of the soil are shown in Table 2.2. Total carbon (C) and 

nitrogen (N) of the soil were measured with a C/N Corder (MT-700, Yanaco, Japan Total P of soil  

Table 2.1. Cattle manure ash properties 

Note: † CHN corder, ≠ X-ray fluorescence spectroscopy, § Inductively coupled plasma -  atomic emission 

Element C H N Cl Mg P K Ca Na 

Content (mg kg-1) 4,200† 1,200† 400† 119,400# 31,400§ 42,500§ 155,341§ 79,300§ 30,700§ 
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was determined following the Kjeldahl digestion (Bremner 1996). A soil sample of 0.5 g was put 

in a glass test tube containing 3 mL of concentrated H2SO4. The sample was heated at 300oC until 

completely digested. Finally, P concentration in the digested solution was determined with a 

continuous flow analyzer (QuAAtro 2–HR, Bltec, Japan). Electrical conductivity and pH were 

analyzed at 1:5 (soil:deionized water) with digital EC and pH meters, respectively. 

Table 2.2. Properties of Fukushima soil and cattle manure compost 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters (unit) Soil Compost 

Texture Loamy sand - 

Clay (%) 7.8 - 

Silt (%) 8.8 - 

Sand (%) 83.4 - 

pH (1:5) 6.32 8.6 

EC (1:5) (dS m-1) 0.02 4.3 

TC (g kg-1) 3.91 382.1 

TN (g kg-1) 0.8 15.1 

C:N ratio 4.9 25.3 

TP (g kg-1) 0.5 10.2 

CEC (cmolc kg-1) 9 - 

Truog-P (mg kg-1) 66.48 - 

Pi (mg kg-1) 10.2  

CaCl2-P (mg kg-1) 0 - 

Water-extractable P (mg kg-1) 0.05 - 

P retention capacity (g kg-1) 1.04  

Bulk density (Mg m-3) 1.39 - 
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2.2.2. Water-soluble P release kinetics 

 The kinetic release experiment followed the procedure of Liang et al. (2014) and Wang et al. 

(2015). One gram of CMA was mixed with 200 mL of deionized water, then the mixtures were 

placed on a reciprocating shaker at 180 rpm at 25oC. The water samples were collected at 0.1, 0.2, 

0.5, 0.8, 1, 6, 24, 48, 72, 96, and 120 h. After being filtered through Whatman No. 1 paper, the 

filtrate was analyzed for orthophosphate (OP). Total extractable P (Pt) of the samples was digested 

with potassium persulfate at 120oC for 30 min. The samples were then analysed by the continuous 

flow analyzer. 

The kinetics of OP and Pt release were evaluated by three models, zero (Silber et al. 2010), 

pseudo-first, and pseudo-second order kinetic models (Ho and McKay 1999), as follows: 

qt = a + k0t (t ≥ 1 h)  (1) 

ln(qe-qt) =lnqe-k1t (2) 

  (3) 

 

where k0 (h
-1) and a (mg g-1) are constants; qt and qe (mg g-1) are the amount of P release per unit 

weight of CMA at time t (h) and equilibrium, respectively; k1 (h
-1) and k2 (g mg-1 h-1) are rate 

constants of the pseudo-first order and the pseudo-second order of the release process, respectively. 

In this study, qe (in Eq. (2)) and k1 were calculated from the intercept and slope of the plot of ln(qe 

- qt) versus t, and qe (in Eq.(3)) and k2 were calculated from the intercept and slope of the plot of 

t/qt versus t. Phosphorus was rapidly released during the first 1 h of the experiment, and then the 

release became linear with time (t ≥ 1 h) to conform to Eq. (1). The value of qe of Eq. (2) was 

determined by the trial and error method so as to obtain the highest regression coefficient when 

fitting in the experimental data. 
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2.2.3. Phosphorus fractionation 

 Sequential fractionation procedures followed the modified method of Hedley et al. (1982), 

as described by Yamamoto et al. (2008) and Codling (2006). A CMA sample of 0.3 g was put into 

a 50-mL centrifuge tube for sequential fractionation with 30 mL of deionized water, 0.5 M NaHCO3, 

0.1 M NaOH, and 1 M HCl. The sample was additionally rinsed with 30 mL of the same solutions 

at each step to ensure complete extraction. The mixture was centrifuged at 10,000 rpm for 10 min 

and then the supernatant was filtered through Whatman No.1 paper. Orthophosphate (OP) and total 

extractable P (Pt) were determined with an UV-VIS spectrophotometer (UV-2400, Shimadzu, 

Japan) using the ascorbic acid method (Eaton et al. 2005).  

2.2.4.  Phosphorus release from cattle manure ash–amended soil 

Incubation experiments were conducted in 200 mL glass flasks with an 8-cm diameter bottom, 

containing 30 g of air-dried soil. The application rate (1000 kg P2O5 ha-1) was determined based on 

Yamakiya Farming Union (2015). Low, medium, and high application rates of 94 (AL), 157 (AM), 

and 314 (AH) mg P kg-1 soil of CMA (corresponding to 300, 500, 1000 kg P2O5 ha-1; CMA was 

assumed to be incorporated into the top 10-cm soil with a bulk density of 1.39 Mg m-3) were 

amended to soil. Potassium phosphate (KH2PO4) (CFM) and cattle manure compost (ComM) were 

used as comparisons, using the medium application rate. The composted cattle manure was 

collected from the farm of Kochi University in Kochi Prefecture, Japan, and dried to a water content 

of about 34%. Properties of the compost are shown in Table 2.2. The soil without addition was 

designated as the control (CT).  There were six treatments in total, and each treatment was set up 

in triplicate at a moisture content of 60% water-holding capacity. Incubated soil was collected from 

each flask on days 0 (3 h after adding water and amendments), 7, 14, 28, and 56 for P measurement. 

According to the method of Kuo (1996), deionized water (WEP) and 0.01 M calcium chloride 
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solution (CaCl2-P) were used to extract P from soil. Previous works indicated that 0.01 M CaCl2 

extraction can determine soluble P in soil (Maguire and Sims 2002; McDowell and Sharpley 2001). 

One gram of incubated soil was shaken with 10 mL of deionized water or 0.01 M CaCl2 solution 

for 30 min. The liquid was then centrifuged and filtered through 0.2 µm filter before being 

separated for P determination.  

The available P (Pi) for plants in the incubated soil was extracted by an iron oxide-

impregnated filter paper strip (Kuo 1996). The low ash filter papers (Whatman no. 50) were 

immersed in 0.6 M FeCl3 solution for 2 h. The saturated papers were then removed and the excess 

solution was allowed to drain from the treated filters for 5 min on an inclined glass sheet. 

Subsequently, the papers were immersed in 2.7 M NH4OH solution for 45 s and withdrawn with 

constant movement. The papers were rinsed well with deionized water and dried at 25oC. Finally, 

the dried papers were cut into 2 cm wide and 10 cm long strips.  A soil sample of 1 g was mixed 

with 40 mL of 0.01 M CaCl2 solution in a flask with an iron oxide-impregnated strip. The mixture 

was shaken for 16 h. The strip was removed and then shaken with 40 mL of 0.2 M H2SO4 for 4 h 

to dissolve the P containing iron oxide. The strip was dried at room temperature, then washed twice 

with 20 mL portions of 0.2 M H2SO4. Finally, the washings were combined and P in the extracts 

was determined by the continuous flow analyser. In addition, the EC and pH of incubated soil were 

also analysed at a soil:deionized water ratio of 1:5.  

2.2.5.  Data analysis  

One-way ANOVA was conducted by SPSS software 15.0 to compare means of WEP, CaCl2-

P, Pi, and pH from incubated soil with different amendments. Significant differences were 

determined according to the Turkey HSD test at a level of 0.05. The multiple comparison 

procedures were performed for means of all pairs for significant difference (p < 0.05). The mean 
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values and standard deviations (SD) are presented in the following sections.   

2.3. Results and discussion  

2.3.1.  Kinetic release of phosphorus from cattle manure ash 

The P release from CMA as a function of time is illustrated in Fig. 2.1. Overall, OP accounted 

for more than 70% of Pt during 120 h shaking. However, the release of OP was faster during the 

initial 6 h shaking. Total extractable P with a peak of 1.22 mg g-1 accounted for 2.9% of total P in 

CMA (Table 2.1) at 96 h. Similarly, Kuligowski et al. (2008b) and Kuligowski and Poulsen (2009) 

reported that total water extractable P released from incinerated ash at the same ratio of solid-water 

as our experiment was about 1% of total P from pig manure ash. The low release of P is due to the 

formation of stable P compounds through incineration (Yusiharni et al. 2007). The ash used in this 

study was produced at a temperature of 850°C, which causes the formation of crystal structures. 

Komiyama et al. (2013) reported that the main compounds of P in cattle manure ash incinerated at 

700°C were Ca9Fe(PO4)7 or Ca9MgK(PO4)7, which are thought to be insoluble in water. Thygesen 

et al. (2011) found that hydroxyapatite (Ca5(PO4)3(OH)) is formed when pig manure is incinerated 

at 700°C or higher temperature, and it is insoluble in water.  

 

 

 

 

 

 

Figure 2.1. P release from CMA over time (OP, ortho-P; Pt, total extractable P). 
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Table 2.4 shows that P contents in different 

fractions in CMA were ranked as HCl-P > NaHCO3-

P > H2O-P > NaOH-P. The percentage of labile P 

(H2O-P plus NaHCO3-P) in CMA was 15% of total 

P. Codling (2006) also found 15–19% of labile P 

(H2O-P plus NaHCO3-P) in three types of poultry 

litter ash. For chicken litter ash and duck litter ash, 

Yamamoto et al. (2008) reported that P release 

decreased in the order of HCl-P > NaHCO3-P > 

NaOH-P > H2O-P. They concluded that ash might be 

less susceptible to runoff than its original material 

(manure). Sharpley and Moyer (2000), Kleinman et 

al. (2007), and Kleinman et al. (2002)  demonstrated 

that measuring the water-soluble P concentration 

can provide a good estimate for P runoff or leaching 

in soil. Only 2.3% of H2O-P in CMA indicates less 

P loss in soil. The highest percentage of HCl-P 

(83%) of the total P in CMA indicates that P exists 

mainly in insoluble P compounds with Ca, which 

agrees with Oshita et al. (2016).  

The pH of the solution in the kinetics release 

experiment fluctuated from 7 to 9 over 120 h. At this 

pH range, the main OP form is HPO4
2- (Hinsinger 
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2001). Total extractable P increased towards 96 h due to the slow release of polyphosphates. The 

main species of polyphosphates existing at pH between 7 and 9 are reported to be HP2O7
3- and 

P2O7
4- (Qian et al. 2013). Decreased OP after 6 h shaking might be due to the precipitation of 

hydroxyapatite (HAP) in solution. The release of P was fitted to zero order, pseudo-first, and 

pseudo-second order kinetic models, as shown in Eqs. 1, 2, and 3. Figure 2 shows the linear plots 

of qt versus t, ln (qe-qt) versus t, and t/qt versus t for both OP and Pt. The values of qe rate constants 

(k0, k1, and k2) and correlation coefficients (R2) are indicated in Table 2.3. Generally, the R2 values 

of the zero and pseudo-first order models for OP were higher than those for Pt. The best fit model 

for both data of OP and Pt was the pseudo-second order model with the highest R2 (0.998 for both 

OP and Pt). The calculated qe values were closer to the experimental results. Thus, the rate-limiting 

step of P release from CMA might be chemical interactions between P and other elements released 

from CMA. The negative values of k0 and k2 were due to the decrease of OP after 6 h.  

Table 2.3. Parameters of zero order, pseudo-first order, pseudo-second order models 

 

Table 2.4. Phosphorus fractionation by sequential extraction procedures of CMA 

 OP (g kg-1) Pt (g kg-1) Pt/TP (%) 

H2O-P 0.92 ± 0.07c 0.98 ± 0.04c  2.3 

NaHCO3-P 4.69 ± 0.12b 5.54 ± 0.04b 13.0 

NaOH-P 0.17 ± 0c 0.18 ± 0.05c 0.4 

HCl-P 34.43 ± 0.15a 35.45 ± 2.37a 83.4 

OP, Orthophosphate; Pt, total extractable phosphate; TP, total P in cattle manure ash. Different 

letters in the same column mean significant difference at p < 0.05 by Tukey’s test.   

 

 

Zero order Pseudo-first order Pseudo-second order 

qe,exp k0 

(h-1) 

R2 qe,cal  

(mg g-1) 

k1 

 (h-1) 

R2 qe,cal  

(mg g-1) 

k2
 

(g mg-1 h-1) 

R2 

OP -0.001 0.941 0.826 0.042 0.681 0.84 -1.566 0.998 0.97 

Pt 0.001 0.575 1.17 0.039 0.498 1.18 4.882 0.998 1.22 
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2.3.2.  Phosphorus release from soils amended with different P sources  

Water and CaCl2-extractable P in soil amended with different P sources 

Water-extractable P is used to estimate dissolved reactive P in surface runoff, while CaCl2-P 

is an estimate of dissolved reactive P in subsurface drainage (McDowell and Condron 2004; 

McDowell and Sharpley 2001). More WEP and CaCl2-P in soil enhance P leaching. The WEP and 

CaCl2-P for all treatments on days 0, 7, 14, 28, and 56 are given in Figs. 2.3 and 2.4. Overall, P 

concentrations extracted with 0.01 M CaCl2 solution were lower than those extracted with 

deionized water due to precipitation with Ca in the solution. Overall, release patterns of WEP and 

CaCl2-P from CFM and ComM were different from those from AM. Figures 2.3a and 2.4a show that 

WEP and CaCl2-P release from CFM and ComM were significantly higher than that from AM 

throughout the incubation period (p < 0.05). The chemical fertilizer and compost-amended 

treatments had a much higher initial WEP and CaCl2-P than the ash-amended treatment (p < 0.05), 

but decreased continuously until day 56. By contrast, soluble P in ash-amended treatments was 

slightly increased from day 0 to 28 and then remained constant. The decrease in WEP and CaCl2-

P from soil amended with compost and chemical fertilizer over time was attributed to soil 

adsorption and the uptake by microbial biomass of soluble P. The decrease of P solubility in soil 

was generally accepted to be due to the sorption mechanism (Barrow 1983; Frossard et al. 2000), 

which is related to variable charged surfaces such as oxides, clay surfaces, organically complexed 

metals, and Ca precipitation (Leytem and Westermann 2003). In addition, regarding to biotic 

mechanisms, Oehl et al. (2001) observed rapid P cycling between soil and microbial pools. Malik 

et al. (2012) documented that a high labile P content from KH2PO4 and compost could be converted 

into non-labile inorganic P by microorganisms after being amended in soil. In accordance with the 

present study, Christel et al. (2016) reported that P release declined in soil amended with compost 
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and chemical fertilizer during incubation. On the other hand, the slower and lower WEP and CaCl2-

P releases due to ash-amendment in comparison with compost and chemical P treatments were 

mainly due to insoluble P forms (Ca-bound P) in CMA, and this result was consistent with the 

kinetic release of P from CMA (Fig. 1). These trends of WEP and CaCl2-P from ash amendment 

over time might also be attributed to low microbial activities just near the ash because of its high 

EC as mentioned earlier. Fly ash from coal combustion at application rates of 100 g and 200 g kg-

1 soil suppressed microbial activities (Nayak et al. 2014). In the present study, soil EC was only 

0.2 to 0.7 dS m-1 (Fig. 6), because of a low application rate of CMA (94–314 mg P kg-1, equivalent 

to 2–7 g kg-1 soil). Local activities of microorganisms near the ash should be examined in the future. 

In addition, Leon Morales et al. (2007) reported that divalent ions, especially Ca, which can form 

bridges among organic matter molecules, increase colloid stabilization and eventually minimize P 

transport. Parvage et al. (2013) also found that the addition of cations such as Ca and Mg to soil 

decreases water soluble P in soil by flocculation mechanisms for colloidal P. Therefore, Ca and Mg 

released from CMA in ash-amended treatments probably reduced soluble P in soil. Kuligowski and 

Poulsen (2009) reported the application of pig manure ash to sandy soil lessens P losses in 

comparison with that of commercial fertilizer P by leaching experiments. They reported that much 

less P was leached in the ash treatment (0.35% and no effect in sand and sandy soil) than in 

chemical fertilizer treatment (97% and 12.2% in sand and sandy soil). Ash of incinerated poultry 

litter reduced P losses in the runoff when it was applied to soil compared to its fresh litter due to 

low water extractable P (Faridullah et al. 2012). Besides, the soil’s hydrological conditions also 

affect P leaching, this issue is needed to be investigated in further studies. Accordingly, the 

application of CMA to sandy soil in Fukushima would reduce P losses compared to application of 

the cattle manure compost or chemical P fertilizer.   
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Higher application of CMA increased soluble P, as shown in Figs. 2.3b and 2.4b. Among ash-

amended treatments, WEP from AH was significantly higher than that from AM and AL (p < 0.05). 

The higher application rates increased the percentage of WEP to total P in soil amended with CMA: 
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Figure 2.3. Water-extractable P in soil 

amended with (a) different P fertilizer sources 

and (b) different application rates of CMA. 

Cattle manure compost (ComM) and chemical 

fertilizer P (CFM) were amended at the rate of 

157 mg P kg-1; and CMA at different rates were 

94 mg P kg-1 (low, AL), 157 mg P kg-1 (medium, 

AM), and 314 mg P kg-1 (high, AH). 

 

Figure 2.4. Calcium chloride extractable P in 

soil amended with (a) different P fertilizer 

sources and (b) different application rates of 

CMA. Cattle manure compost (ComM) and 

chemical fertilizer P (CFM) were amended at 

the rate of 157 mg P kg-1; and CMA at different 

rates were 94 mg P kg-1 (low, AL), 157 mg P kg-

1 (medium, AM), and 314 mg P kg-1 (high, AH). 
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those were 0.5% for AL, 1.1% for AM, and 3.5% for AH at the end of the incubation period. In Fig. 

2.7, pH values of AH from day 0 to day 56 were from 6.4 to 7.1, which was significantly higher 

than those of AM and AL (p < 0.05). As pH increases, negative charges in soil surface also increase 

and leading to less adsorption of P in soil (Abdala et al. 2012; Murphy and Stevens 2010; Xu et al. 

2014). They also indicated that adsorbing surface of P in soil received high rates of P became partly 

saturated, and the affinity of P for soil colloids was reduced with a decrease in P-binding energy, 

eventually leading to more P release. Thus, the increase in soluble P for AH can be explained by the 

increase in soil pH and P saturation on the soil surface. Appropriate application rates for CMA to 

prevent P losses were AM and AL, equivalent to 94 to 157 mg P kg-1.  

Availability of P in soil incubated with cattle manure ash 

Iron oxide-impregnated paper strip extraction used in this study was employed to determine 

plant-available P (Lin et al. 1991). The Pi shows highly significant correlations with P uptake by 

plants with wide-ranging soil properties and gives the best correlation in comparison with the 

standard solution extracting methods such as Bray 1, Bray 2, and Olsen (Menon et al. 1989). Paper 

strips work as a P sink to mimic plant-root surface absorbing P ions available in soil (Menon et al. 

1989). The results of Pi extracted with Fe oxide on the paper surface strips are shown in Fig. 2.5. 

The highest Pi was observed for AH followed by CFM, ComM, AM, AL, and CT. From days 0 to 7, 

higher initial Pi was seen in the soil amended with ComM and CFM compared to that from AM at 

the same application rate (p < 0.05). This is due to the slow release of P from insoluble forms in 

CMA. However, Pi for AM was not significantly different from that of ComM after day 7 and CFM 

on day 56 (p > 0.05). Christel et al. (2016) also found that P availability for sandy and sandy loam 

soil amended with pig slurry ash is not significantly lower after amendment of its manure and 

chemical P in weeks 6 and 12. Available P in soil amended with CMA was probably in two labile 
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forms (H2O-P and NaHCO3-P), which are shown in Table 2.4. Table 2.5 shows the recovery of Pi 

to total P added as different P sources after being subtracted Pi of the unamended soil (control). The 

percentage of Pi to total P added in AM and AL was 15–25%, while labile P extracted from ash was 

15% (H2O-P and NaHCO3-P) (Table 4). This is because stable P forms (Ca-bound P) were probably 

mobilized when soluble P was depleted in soil. The percentage of Pi to total P for AH (12–17%) 

was significantly lower than those for AL and AM after day 7 (p < 0.05). This is probably because 

higher pH for AH amended soil caused a lower solubility of Ca-bound P. In contrast, more soluble 

P was released from AH amended soil because of high pH as stated earlier (Fig. 3b). The suppression 

of Ca-bound P release would be greater than increased soluble P in this treatment. The application 

rates of 94 and 157 mg P kg-1 are recommended to increase available P for the sandy soil in 

Fukushima. Wild (1988) reported that annual crops usually take up about 5% to 25% of the 

phosphate applied. For that reason, CMA could be used as a slow-release P fertilizer. 

The application of CMA increased both soil pH and EC (Figs. 2.5 and 2.6). Soil pH was the 

highest for AH with 7.14 at the end of the experiment. Compost addition also increased soil pH 

from 6.5 (day 0) to 6.7 (day 56), which was not significantly different from those of the ash-

amended soil at the same application rate (p > 0.05). A drop of pH in most of treatments (except 

for AH) in the first week of incubation was probably a result of nitrification in the soil. In AH 

treatment, high pH of CMA would have masked the effect of nitrification. The application of CMA 

was probably a better choice compared to chemical P fertilizer to increase soil pH because the soil 

used in this study was slightly acid. Besides, the application of CMA significantly increased soil 

EC values (Fig. 7). For example, EC values in ash-amended treatments were from 0.2 to 0.7 dS m-

1, while they are less than 0.2 dS m-1 in the compost treatment. Throughout the entire experiment 

period, EC in AH was from 0.6 to 0.7 dS m-1 while those in AM and AL were 0.3 and 0.2 dS m-1. 
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Accordingly, soil amended with a high application rate (314 mg kg-1) of CMA for a long time could 

be prone to a salinity problem.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

P
i
(m

g
 k

g
-1

)

CT CF50

Com50 A50

0

10

20

30

40

50

60

70

80

90

0 14 28 42 56

P
i
(m

g
 k

g
-1

)

Incubation time (day)

CT A30

A50 A100

AM ComM 

CFM 

AH 

AL 

AM 

(a) 

(b) 

(3 h) 

0

0.2

0.4

0.6

0.8

1

E
C

 (
d
S

 m
-1

)

CT CF50 Com50

A30 A50 A100AM AH 

ComM CFM 

AL 

CT 

0

2

4

6

8

10

12

0 7 14 28 56

p
H

Incubation time (day)

CT CF50 Com50

A30 A50 A100AM 
AH 

ComM CFM 

AL 

CT 

(3 h) 

Figure 2.5. Available P (Pi) as tested by iron 

oxide paper strips from soil amended with (a) 

different P fertilizer sources and (b) different 

application rates of CMA. Cattle manure compost 

(ComM) and chemical fertilizer P (CFM) were 

amended at the rate of 157 mg P kg-1; and CMA 

at different rates were 94 mg P kg-1 (low, AL), 157 

mg P kg-1 (medium, AM), and 314 mg P kg-1 (high, 

AH). 

 

Figure 2.6. Electrical conductivity (a) and pH (b) 

in soil amended with different P fertilizer sources. 
 

(a) 

(b) 
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Table 2.5. Percentage of Pi release (minus Pi of control) per total added P amount from 

different P fertilizer sources (%) 

 

2.4. Conclusion 

This study aimed at determining P release mechanisms and P availability in CMA and 

proposed appropriate application rates of CMA that mitigate P loss and increase plant-available P 

to the sandy soil in the contaminated area in Fukushima. The results showed that less water-soluble 

P from CMA was seen due to the formation of Ca-bound P. The incubation experiment also showed 

that WEP and CaCl2-P were lower in ash-amended soil than chemical fertilizer and compost-

amended soils. These suggest that CMA may be less susceptible to P losses than chemical fertilizer 

and compost. Water- and CaCl2-extractable P for AH were overwhelmingly higher than those for 

AM and AL. Nevertheless, the percentage of Pi for AH per total P added was significantly lower than 

those for AM and AL (p < 0.05). At the same application rate, the Pi of AM was not significantly 

lower than that of ComM after day 7 and CFM on day 56 (p > 0.05). Thus, the appropriate application 

rates of CMA were 94 and 157 mg P kg-1 corresponding to 30 and 50 g P2O5 m
-2. The application 

of CMA to the soil in Fukushima can mitigate P losses and sufficiently increase available P.  
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CHAPTER 3 

PHOSPHORUS RELEASE FROM CATTLE MANURE ASH BY INTERACTION WITH 

COMMON IONS IN SOIL 

3.1.  Introduction 

Mobility and availability of P were strongly affected by the soil constituents and common 

ions. Many studies have shown the P sorption by the effects of ionic concentration and 

compositions in soil (Helyar et al. 1976a; Helyar et al. 1976b; Shaheen et al. 2009). In contrast, 

there have been few studies relating the effects of those on P release, especially from animal 

manure-derived ash. Factors, which affect P release, consist of pH, temperature, concentration of 

P ((Barrow 1983), ionic strength (Barrow and Shaw 1979), organic C, and CaCO3 (Burt et al. 2002). 

Most of researchers have concentrated on the P release mechanism from soil amended with 

compost and chemical fertilizer (Ahmad et al. 2008; Barrow and Shaw 1979). Higher P release 

from organic and inorganic sources was seen under saline condition, especially sodium and sulfate 

compared to non-saline condition (Ahmad et al. 2008). The effects of different cations such as 

sodium, potassium, magnesium, and calcium on P solubility in soil were reported by Lehr and Van 

Wesemael (1952). They also reported that calcium in calcium phosphate is replaced at the 

adsorptive sites by other cations such as Na, K, and Mg. Vaidyanathan and Talibudeen (1970) found 

that P release was due to the replacement of soil cations by sodium when soil was shaken with 

sodium cation exchange resin. The mechanism of P release in soil caused by anions is likely due 

to the competition for sorption sites (Couto et al. 1979; Sharpley et al. 1988).    

Recently, manure-derived ash has been applied as an alternative P fertilizer, but slow-released 

P makes it poorly suited for an immediate available P use at the beginning for crops. Kuligowski 

et al. (2010) reported that manure-based ash can be used as slow-release P fertilizer, but not suitable 



41 

 

for a starter P fertilizer for plant. Initial available P release was lower in pig manure ash than in its 

original materials and chemical fertilizer (Christel et al. 2016). Slow development of corn at the 

early stage was due to slower dissolution from turkey manure ash than commercial P fertilizer 

(Pagliari et al. 2010). Application of ash as P fertilizer to intensive model or high P-demanding 

crops may cause P deficiency.  

The application of P in soil is in relation with other common ions existing in fertilizers. To 

improve P availability from application of CMA in soil, the understanding of the interaction 

between phosphate and other ions in soil is necessary. In addition, soil used in this study was 

collected from mountain to replace cesium-contaminated soil in Fukushima. Because the soil is 

virgin soil, high application of fertilizers/amendments is probably proposed and affects the 

availability of P from CMA in soil. The effects of common ions such as cations (Ca2+, K+, NH4
+, 

and Na+) and anions (HCO3
-, SO4

2-, NO3
-, and Cl-) added from fertilizers on P release from CMA 

have not been well understood. In addition, a clear understanding of P release at different 

application rates of CMA is important to withdraw better guideline for improving P desorption 

from CMA-amended soil. The objective of this study was to identify the effects of cations and 

anions on P release from soil amended with CMA. 

3.2.  Materials and methods 

3.2.1. Effects of common ions 

 Soil preparation 

 Eighty gram of Fukushima soil (Table 2.2) was amended with 0, 50, 100, 300, and 500 mg P 

kg-1 as CMA (Table 2.1). The amended soil samples were incubated in plastic flasks with 5-cm 

diameter at the bottom in 2 weeks. Moisture was adjusted at 60% WHC and compensated every 2 

days. After 2 weeks, the incubated soil was air-dried and used for the following experiment. To 
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evaluate P release behaviors in soil treated with CMA, an experiment was conducted as follows: A 

incubated soil sample of 2 g was equilibrated with 20 mL of different electrolyte solutions in 

centrifuge tube. The sample was placed on reciprocating shaker at 175 rpm at 25oC. After 24h 

shaking, the sample was centrifuged and filtered for P analysis by a continuous autoanalyzer 

(QuAAtro 2–HR, Bltec, Japan). pH and electrical conductivity (EC) of solutions were measured 

by digital EC (DS-14, Horiba, Japan) and pH meters (F-23, Horiba, Japan), respectively.  

Five electrolyte background solutions will be used in this study:  

16.7 mmol/L CaCl2, 50 mmol/L KCl, 50 mmol/L NH4Cl, 50 mmol/L NaCl, 50 mmol/L 

NaNO3, 50 mmol/L NaHCO3, and 16.7 mmol/L Na2SO4 corresponding to ionic strength of 0.05 

for all examined cations and anions were prepared. Out of those, the cation effects were evaluated 

by comparing P sorption in chloride salts of Ca2+, K+, and NH4
+, Na+ whereas the anion effects 

were evaluated in Na+salts of NO3
-, SO4

2-, HCO3
-, and Cl- backgrounds. 

3.2.2. Lability of P after interacting with ions 

Phosphorus left in the soil after interacting with ions is either available or unavailable for 

plants. Therefore, available P was determined by 0.5M NaHCO3 solution. After shaking, each 

centrifuge tube containing left soil will be extracted by 40 mL of 0.5 M NaHCO3. Phosphorus non-

extractable by 0.5 M NaHCO3 was attributed to non-labile portion. 

3.3. Results and discussion 

3.3.1.  Effects of common ions on P release 

Both cations and anions differently affected P release from soil amended with CMA and CF 

(Figs. 3.1 and 3.2). The effect of cations and anions on P release was stronger than that of deionized 

water in the soil amended with CMA. However, P release was lower in the presence of cations and 

anions (except for background solution containing HCO3
-) than in deionized water in the CF-
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amended soil. The presence of cations and anions increased P released from the soil amended with 

CMA. There was no significant difference of P release in the four cation backgrounds at 0 and 100 

mg P kg-1. At the CMA treatments, the greatest P release was in the NH4
+ background, followed by 

Na+ background at 500 mg P kg-1. However, Na+ resulted in the greatest P release at the CF-

amended treatment. The smallest amount of P release by Ca2+ was seen in the soil amended with 

both CMA and CF at all rates. Phosphorus release was more by Na+ than by K+ in both the CMA 

and CF treatments.  

The effect of NH4
+ on P release was explained by change of soil pH (Table 3.1) at the different 

application rates. Phosphorus release in the NH4
+ background was comparable to that in the other 

cation backgrounds in the range of pH values from 5 to 7 at lower than 300 mg P kg-1. Meanwhile, 

higher pH value (7.46) from 300 to 500 mg P kg-1 showed dramatically P release in the presence 

of NH4
+ compared to the other cations background. Similarly, due to low pH (lower than 5.5), the 

effect of NH4
+ on P released from CF treatments was significantly less than that of Na+ and not 

significantly higher than that of K+. Nitrification from the presence of NH4
+ caused P release from 

the CMA-amended soil. Phosphorus dissolution from phosphate rock was greatly generated by 

nitrification from ammonium sulphate (Apthorp et al. 1987). However, pH affects nitrification in 

soil (Ste-Marie and Paré 1999). Kyveryga et al. (2004) reported that 89% nitrification from 

fertilizer N (anhydrous ammonia) in soil having pH larger than 7.5. Because CMA was alkaline 

and increases soil pH after amendment (Tran et al. 2017b), the effects of nitrification on the CMA-

amended treatments was greater than that on the CF-amended treatments among cations. 
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Table 3.1. pH values in the solutions after 24 h equilibrium in different electrolyte solutions 

 

 

 

 

 

Ionic solution 
0 50 100 300 500 50 100 300 500 

 mg P kg-1 as CMA mg P kg-1 as CF 

Ca2+ 5.60 ± 0.10 5.98 ± 0.04 6.29 ± 0.07 6.90 ± 0.08 7.11 ± 0.08 5.69 ± 0.15 5.43 ± 0.01 5.52 ± 0.02 5.55 ± 0.05 

K+ 5.10 ± 0.10 5.81 ± 0.01 6.35 ± 0.04 7.22 ± 0.00 7.43 ± 0.01 5.14 ± 0.09 5.11 ± 0.04 5.71 ± 0.60 5.53 ± 0.02 

NH4
+ 5.12 ± 0.11 5.59 ± 0.10 6.09 ± 0.05 7.07 ± 0.05 7.46 ± 0.03 5.11 ± 0.04 5.19 ± 0.06 5.33 ± 0.02 5.46 ± 0.02 

Na+ 5.78 ± 0.16  6.20 ± 0.10 6.46 ± 0.05 7.20 ± 0.03 7.40 ± 0.04 5.69 ± 0.02 5.74 ± 0.05 5.61 ± 0.37 5.89 ± 0.04 

Cl- 5.78 ± 0.16 6.15 ± 0.07 6.46 ± 0.05 7.20 ± 0.03 7.40 ± 0.04 5.69 ± 0.02 5.74 ± 0.05 5.61 ± 0.37 5.89 ± 0.04 

NO3
- 6.01 ± 0.05 6.43 ± 0.03 6.80 ± 0.03 7.34 ± 0.07 7.54 ± 0.05 6.66 ± 0.09 6.32 ± 0.26 6.39 ± 0.13 5.91 ± 0.4 

HCO3
- 9.39 ± 0.02 9.37 ± 0.02 9.40 ± 0.01 9.39 ± 0.04 9.39 ± 0.01 9.37 ± 0.03 9.40 ± 0.01 9.45 ± 0.01 9.45 ± 0.01 

SO4
2- 7.13 ± 0.47 7.42 ± 0.37 7.21 ± 0.21 7.57 ± 0.11 7.76 ± 0.10 6.61 ± 0.57 6.70 ± 0.13 6.62 ± 0.12 6.45 ± 0.14 

DW 6.99 ± 0.04 7.01 ± 0.04 7.20 ± 0.04 7.35 ± 0.07 7.60 ± 0.01 6.75 ± 0.02 7.14 ± 0.37 6.77 ± 0.05 6.59 ± 0.08 
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In the other solutions, P release decreased in the order: Na > K > Ca, at the soil amended with 

CF and CMA. Barrow and Shaw (1979) reported that the P release decreases as the atomic number 

increases. The lower atomic number and hydration energy of Na compared to those of K cause 

smaller effects of positive charges in soil solution, and subsequently increase P release (Pardo et 

al. 1992).  The replacement of Ca/Mg by more loosely bound Na ion leads to release of P (Curtin 

et al. 1987). More P desorbed from chemical fertilizer by Na than K, Mg, or Ca has been 

demonstrated by previous studies (Ahmad et al. 2008; Barrow and Shaw 1979). Lowest P release 

caused by presence of Ca2+ (a divalent cation) compared to other monovalent cations such as Na+, 

K+, or NH4
+ was explained by the increase of the positive charge near the sorbent surface in the 

case of divalent cation (Shaheen et al. 2009).  

Regarding to the effect of anions, P release from both CMA and CF-amended treatments was 

highest in the HCO3
- background, followed by the SO4

2- and Cl- backgrounds. Phosphorus release 

in the CMA treatments was significantly higher in the SO4
2- than Cl- background, while that in the 

CF treatments was comparable between the SO4
2- than Cl- background. As for pH values, values 

were generally higher in the CMA treatments than in the CF treatments. Greatest pH was seen in 

the HCO3
- background, over 9. The P release in the presence of HCO3

- was explained by two major 

mechanisms (Olsen et al. 1954). Firstly, calcium phosphates, which are main compound in ash 

derived from cattle manure (Komiyama et al. 2013; Oshita et al. 2016), were soluble in alkaline 

condition due to the repression of Ca2+ activity by CO3
2-. The other mechanism is the replacement 

of phosphate ions with HCO3
-, CO3

2-, and OH-  on the surface of soil particles. Another striking 

feature is that the higher P desorption by SO4
2- than in Cl- was seen in the ash-amended treatment. 

Calcium, iron, and aluminum activity in soil solution were reduced by the formation of complexes 
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with available sulfate ion, and that subsequently increased the release P. In agreement with Millero 

et al. (2001), the addition of  SO4
2- decrease the P adsorption on calcite due to the formation of 

CaSO4 in solution. Andrade et al. (2002) mentioned that release of SO4
2- from organic residue 

decomposition decreases exchangeable aluminum and reduces P absorption in soil. The 

explanation of more P release by SO4
2- than Cl- has been not found in previous studies. However, 

Ahmad et al. (2008) indicated that similar mechanisms of both SO4
2- and PO4

2- absorption provide 

the competition  between them, which may result in comparatively more P release by SO4
2- than 

Cl-.  
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Figure 3.1. Phosphorus release from soil 

amended with CMA (a) and CF (b) as affected 

by different cationic background solutions. 
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Figure 3.2. Phosphorus release from soil 

amended with CMA (a) and CF (b) as affected by 

different anonic background solutions. 
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3.3.2.  Effects of common ions on lability of P 

After release experiment, P was extracted by NaHCO3 to test labile P, which is present in 

Table 3.2 and 3.3. Overall, on average, the percentage of labile P in the CMA and CF treatments 

after interacting with ionic backgrounds was ranged from 13-31% and 24-57% of total P addition, 

respectively. The higher P addition into soil increase labile P. The presence of NH4
- and K+ ions 

provided significantly higher percentage of labile P compared to that of other cations in the soil 

treated with CMA at the lowest and highest rate. Meanwhile, the percentage of labile P was 

comparable among the anion backgrounds. For effects of the anions, there is no significant 

difference of P lability in the CMA-amended soil while labile P was higher in the presence of 

HCO3
- than the others in the CF-amended soil.  As a result, the effects of cations were more obvious 

that that of anions in this study when CMA was applied in soil.   

Table 3.2 Percentage of labile P pool of total P amount added in the presence of different 

cations 

 

Ionic 

solution 

50 100 300 500 

mg P kg-1 as CMA 

Ca2+ 13.97c ± 0.98 16.54b ± 1.74 25.57a ± 0.19 24.04b ± 1.09 

K+ 23.59a ± 1.08 21.15a ± 0.73 26.30a ± 0.85 26.44b ± 0.25 

NH4
+ 20.76ab ± 0.41 21.02a ± 0.08 28.67a ± 1.80 30.81a ± 1.02 

Na+ 18.31bc ± 1.68 20.52a ± 1.00 26.23a ± 0.73 26.59b ± 1.03 

DW 18.22bc ± 3.66 18.85ab ± 1.49 23.83b ± 0.26 25.33b ± 1.29 

 mg P kg-1 as CF 

Ca2+ 40.33a ± 2.06 41.35ab ± 2.95 48.02a ± 1.13 49.33ab ± 0.97 

K+ 43.78a ± 2.6 43.76a ± 4.32 51.39a ± 1.36 51.43a ± 0.62 

NH4
+ 41.41a ± 0.72 41.22ab ± 4.55 50.57a ± 0.93 52.57a ± 3.31 

Na+ 41.37a ± 1.23 42.73ab ± 3.68 50.12a ± 1.48 48.10ab ± 4.11 

DW 31.85b ± 1.04 33.80b ± 0.10 42.26b ± 1.71 43.79b ± 1.90 
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Table 3.3. Percentage of labile P pool of total P amount added in the presence of different 

anions 

 

Ionic 

solution 

50 100 300 500 

mg P kg-1 as CMA 

Cl- 18.31a ± 1.68 20.52a ± 1.00 26.23a ± 0.73 26.59a ± 1.03 

NO3
- 22.88a ± 4.37 18.37a ± 3.80 23.95a ± 1.81 23.91a ± 1.44 

HCO3
- 23.70a ± 3.84 25.45a ± 1.50 25.90a ± 1.05 25.54a ± 1.91 

SO4
2- 17.77a ± 3.43 18.01a ± 5.06 26.66a ± 1.07 26.04a ± 1.54 

DW 18.22a ± 3.66 18.85a ± 1.49 23.83a ± 0.26 25.33a ± 1.29 

 mg P kg-1 as CF 

Cl- 40.05a ± 1.23 42.73a ± 3.68 50.12b ± 1.48 48.10b ± 4.11 

NO3
- 25.32b ± 0.58 32.90b ± 0.91 39.23c ± 0.71 42.61b ± 1.35 

HCO3
- 41.19a ± 0.54 49.83a ± 1.63 56.59a ± 1.83 56.40a ± 1.65 

SO4
2- 23.84b ± 1.26 33.72b ± 1.38 42.81c ± 0.85 44.52b ± 1.52 

DW 31.85b ± 1.04 33.80b ± 0.10 42.26c ± 1.71 43.79b ± 1.90 

 

3.4.  Conclusions 

The findings of this study aim to determine the different effects of cation and anions existing 

in soil or fertilizer/amendment addition on P release from soil amended with CMA. The presence 

of cations and anions accelerated P released from soil amended with CMA compared to that of 

deionized water. Of the cations present in solutions, the highest P release was seen in the NH4
+ 

background in the soil amended with CMA at lager than 300 mg P kg-1. Nitrification in the NH4
+ 

background accelerated P release in the alkaline condition caused by CMA application. Among the 

background solutions containing anions, the greatest P was observed in the solution containing 

HCO3
- in both soil amended with CMA and CF. SO4

2- solution also greatly increased P released 

from the CMA-amended soil. The percentage of labile P in the CMA and CF treatments after 

interacting with ionic backgrounds ranged from 13-31% and 24-57% of total P addition, 

respectively. These results suggested that more efficiency of P application from CMA would occur 
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with the presence of NH4
-, HCO3

-, and SO4
2-. In contrast, high addition of Ca2+ and NO3

- ions 

would be not recommended. Pot experiments are suggested to confirm these findings in relation to 

the improvement of P availability from CMA for plants.  
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CHAPTER 4 

EFFECTS OF A WASHING PROCESS OF CATTLE MANURE ASH ON SHOOT AND 

ROOT GROWTH OF KOMATSUNA (BRASSICA RAPA VAR. PERVIRIDIS) AT THE 

SEEDLING STAGE 

4.1. Introduction 

Thermal treatments are performed to reduce the volume of fresh manure and to produce ash 

because it is costly to transport fresh manure with high content of water and organic matter 

(Buckley and Schwarz 2003; Kuligowski et al. 2010; Kuligowski et al. 2008; Sweeten et al. 2003). 

Recently, animal manure-derived ash has been applied as a potential P fertilizer for plants because 

it contains a high amount of P. For example, the P content is 30–42 g kg-1 in cattle manure ash and 

110–120 g kg-1 in pig manure ash (Komiyama et al. 2013). Moreover, manure-derived ash contains 

much potassium (K), which can be used as a fertilizer for plants (Komiyama et al. 2013). However, 

the electrical conductivity (EC) of ash is high: for example, it is 27.5 dS m-1 for poultry litter ash 

at a 1:2 ratio of ash to water (Codling et al. 2002), and 29.5 dS m-1 for broiler litter ash at a 1:10 

ratio (Komiyama et al. 2013). Yamamoto et al. (2008) reported that EC of poultry litter ash burned 

at a temperature of 800oC is over 40 dS m-1 at 1:5 ratio of ash to water. Application of ash with high 

EC values as P fertilizer can increase salinity, which inhibits plant growth.  

Germination is one of the most important stages of plant growth and affects the yield (Ahmad 

and Ashraf 2011). Germination of seeds commences with the uptake of water and is completed 

with the elongation of embryonic roots through the seed coat (Nonogaki et al. 2010). Stress caused 

by temperature and salinity (Sanchez et al. 2014) affects seed germination rates and seedling 

growth (Khan et al. 2001; Steinmaus et al. 2000). High salinity inhibits germination of seeds and 

causes dormancy (Gulzar and Khan 2001; Iqbal et al. 2006; Kubota et al. 1983; Sanchez et al. 
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2014; Woodell 1985). Al-Khateeb (2006) documented that a high level of salts results in a 

remarkable decline in shoot and root elongation and total dried weight of seedlings. Detrimental 

effects of salinity on germination of seeds were reported to be due to osmotic stress and ion toxicity 

(Welbaum et al. 1990). On the other hand, positive effects on seedling growth might be triggered 

by nutrients such as P and K. Drew (1975) observed that such nutrients cause localized promotion 

of lateral roots of barley (Hordeum vulgare cv. Proctor). The availability of P increases lateral root 

elongation of Arabidopsis thaliana (Pérez-Torres et al. 2008). If cattle manure ash (CMA) has high 

levels of salts, the salinity should be reduced by washing or regulated by the amount of ash applied 

to farmland. The washing process is efficient to reduce salts but would reduce nutrients such as K 

and P in ash. This study aims at evaluating the impacts of the washing of CMA on shoot and root 

growth in the seedling stage of komatsuna (Brassica rapa var. perviridis). Komatsuna was selected 

as a test crop because it has been often used for germination tests in Japan. Phosphorus and K 

solutions were used to identify the single effect of each nutrient on komatsuna seedlings.  

4.2. Materials and methods 

4.2.1.  Cattle manure ash 

The ash was produced by incineration of composted cattle manure using a pilot-scale 

fluidized bed incinerator at temperatures of 850oC for 24 h (Oshita et al. 2015). The composted 

cattle manure was collected at a composting facility located at Handa city in Aichi Prefecture, Japan. 

Before incineration, water content was reduced to 39%. The washing process was conducted by 

Oshita et al. (2016). The ash was washed with deionized water at a rate of 2 mL of deionized water 

to 1 g of ash to reduce salts in ash. The mixture was stirred at 300 rpm for 1 min. Subsequently, the 

solid and solution were separated by filtration through a 0.45-µm membrane filter. The ash solid 

was dried at 105oC for 24 h. Then, washed ash (WA) and not-washed ash (original ash, NWA) were 
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used for the following germination tests. The properties of both types of ash are shown in Table 

4.1. All parameters were measured in triplicates. Washed ash contained lower concentrations of Cl, 

K, and Na and higher concentrations of P, Ca, and Mg than NWA.  

4.2.2.  Germination test 

Germination tests were conducted using the petridish method. A blotting seeding sheet 

(Fujihira Co. Ltd., Tokyo, Japan) 84 mm in diameter was placed in an 85 x 13 mm petridish. 

Twenty-five komatsuna seeds (Maroyaka-Fumi Komatsuna, Atariya Noen Co. Ltd., Chiba, Japan) 

were placed on the seeding sheet. The extracts were prepared according to Hase and Kawamura 

(2012). Not-washed ash and WA were extracted with boiled ultrapure water in a beaker at a ratio 

of 1 g to 20 mL. After being cooled to room temperature, each mixture was stirred for 1 h by a 

magnetic stirrer, then filtered using paper No.5C (Toyo Roshi Kaisha, Ltd.). Ten milliliters of each 

solution shown in Table 2 was poured into each petridish. Ash:water ratios were from 1:20 to 1:400. 

We chose high application rates of ash because ash is unevenly distributed in soil and close to seeds. 

For the control, ultrapure water was used. Each treatment was prepared in triplicate. All dishes 

were covered with an aluminum sheet to prevent evaporation, and then were kept in the dark at 

25oC for 3 d. As mentioned earlier, P and K might affect growth of seedlings when CMA is applied 

as a P and K fertilizer. Moreover, Oshita et al. (2016) reported that  K and Na formed with Cl in 

cattle manure ash was highly water soluble. Therefore, P, Na, and K solutions at different EC levels 

were prepared to evaluate the single effects of P, Na, and K in CMA. Concentrations of P solution 

and EC levels (1 and 2 dS m-1) were similar to those in CMA extractions. Electrical conductivity 

was adjusted with NaCl in Na solutions and with KCl in K solutions to 1, 2, 3, and 4 dS m-1.  
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Table 4.1 Cattle manure ash properties 

 

Element 

NWA 

(mg kg-1) 

WA 

(mg kg-1) 

C 4,200 ± 700 5,300† ± 500 

H 1,200 ± 0 1,600† ± 100 

N 400 ± 0 470† ± 100 

Cl 119,400 ± 1,400 16,800≠ ± 0.04 

K 155,341 ± 6,500 53,500§ ± 2,000 

Na 30,700 ± 2,200 26,800§ ± 390 

P 42,500 ± 5,800 62,700§ ± 1,600 

Ca 79,300 ± 50,500 117,000§ ± 72,700 

Mg 31,400 ± 4,700 46,700§  ± 1,200 

Note: †CHN corder, ≠ X-Ray fluorescence spectroscopy, § Inductively coupled plasma-atomic emission spectrometry. 

Table 4.2 Experimental designs and solution-making procedures  

 

Treatment Procedures 

NWA The original extracts were diluted with ultrapure water at extract:water ratios of 5:95 (NWA5), 

10:90 (NWA10), 20:80 (NWA20), 50:50 (NWA50), and 100:0 (NWA100) 

WA The original extracts were diluted with ultrapure water at extract:water ratios of 5:95 (WA5), 10:90 

(WA10), 20:80 (WA20), 50:50 (NWA50), and 100:0 (WA100) 

KH2PO4 Solutions of 5.2 mg P L-1 and 2.5 mg P L-1 (equivalent to P concentration in the original extracts 

from NWA and WA, respectively) were diluted with ultrapure water at solution:water ratios of 

5:95 and 10:90.  EC was also adjusted to 1or 2 dS m-1 with NaCl. 

NaCl 1, 2, 3, and 4 dS m-1 EC values 

KCl 1, 2, 3, and 4 dS m-1 EC values  
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4.2.3.  Plant parameters 

The number of germinated seeds was recorded every 24 h. Seeds were considered to be 

germinated when radicles were visible. Three days after incubation, the length of shoots and main 

roots were measured by using a Vernier scale. The germination rate was calculated as the total 

number of germinated seeds divided by the total number of seeds (Sanchez et al. 2014). The mean 

time to germination (MTG) was calculated as 

 

 (1) 

 

where n is the number of seeds germinated on day i (from 1 to 3), d is incubation time (day), and 

N is the total number of seeds (Gimenéz  Luque et al. 2013).  

The germination index (GI) was also calculated from the relative seed germination and relative 

root elongation as follows (Tiquia 2010): 

Relative seed germination (%): 

 (2) 

 

Relative root growth (%): 

 (3) 

 

Germination index (GI): 

 (4) 

4.2.4.  Statistical analysis 

Data were shown as mean ± standard deviation. SPSS software 15.0 was used to analyze the 

data. One-way ANOVA tests were used to interpret effects of EC and nutrient elements on seed 

MTG=∑ (
ni. di

N
)

3

i=1

 

 

Number of seeds germinated in ash extracts

Number of seeds germinated in CT
 x 100 

Mean root length in ash extracts

Mean root length in CT
 x 100 

% relative seed germination x % relative root growth

100
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germination, shoot, and root elongation. The Tukey HSD test was implemented to determine the 

significant difference of parameters at p = 0.05. 

4.3. Results 

4.3.1.  Properties of ash extracts  

The characteristics of both original extracts are listed in Table 4.3. Water-soluble K was 99% 

and 100% of total K in NWA and WA, respectively. Water-soluble Na accounted for 78% and 22% 

of total Na in NWA and WA, respectively. On the other hand, amounts of P, Ca, and Mg were less 

than 0.5% of their total amount in NWA and WA. The washing process reduced water-soluble P, K, 

Na, and Mg up to 52%, 67%, 75%, and 25%, respectively. Water-soluble Ca was unchangeable 

after washing. The EC value of the extract from NWA was much higher than that from WA (Table 

4). This means that the washing process reduced the salinity of CMA to approximately one third. 

As a result, the decrease in EC value was mainly caused by the leaching of both K and Na. pH was 

unchanged by washing. Table 4.4 shows the EC and pH of the diluted solutions of NWA and WA. 

pH values were over 9 for NWA50 and WA50. 

Table 4.3 Characteristics of original extracts 

 

Parameter Unit NWA WA 

pH (1:20)  9.5 ± 0.1  9.5 ± 0.2 

EC (1:20) dS m-1 28.4 ± 0.6 10.3 ± 0.5 

Water soluble K (1:20) g L-1 7.7 ± 0.3 2.7 ± 0.2 

Water soluble Na (1:20) g L-1 1.2 ± 0.1 0.3 ± 0.0 

Water soluble P (1:20) mg L-1 5.2 ± 0.0 2.5 ± 0.1 

Water soluble Ca (1:20) mg L-1 20.1 ± 0.4 20.1 ± 0.2 

Water soluble Mg (1:20) mg L-1 19 ± 0.3 14.2 ± 0.6 
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Table 4.4 pH and EC values of treatments 

 

4.3.2. Germination rates 

The final germination rate of komatsuna seeds was determined on day 3 (Table 4.5). 

Germination rates of all treatments were higher than 92% and did not show a significant difference 

among treatments (p > 0.05), although higher EC levels were measured for both NWA and WA 

extracts compared to the CT. Hase and Kawamura (2012) also found approximately 100% 

komatsuna germination rates for different compost extracts on day 3 with EC ranging from 0.5 to 

7.2 dS m-1. Mean time to germination was not significantly different among treatments (p > 0.05), 

except for NWA100 (Table 4.5). The greatest EC for NWA100 with 28.4 dS m-1 delayed the 

germination of komatsuna to 1.6 days. Mean time to germination in other treatments was slightly 

longer than 1 day.  

4.3.3.  Root and shoot elongation 

The final root length was significantly affected by the type and dilution of ash extracts (p < 

0.05 in Fig. 4.1a). Table 4.5 shows the stimulation and inhibition of root elongation of komatsuna 

by extracts from both types of CMA in comparison with the control. The root elongation in WA5, 

WA10, WA20, and NWA5 treatments was stimulated compared with that in the control (Fig. 4.1). 

Treatment 
NWA 

 NWA5 NWA10 NWA20 NWA50 NWA100 

EC (dS m-1)  1.8 3.5 6.6 14.7 28.4 

pH    7.4 8.5 8.9    9.3   9.5 

Treatment 
 WA 

CT WA5 WA10 WA20 WA50 WA100 

EC (dS m-1) 0.00092 0.6 1.2 2.4 5.5 10.3 

pH 6.2 6.8 8.3 8.8 9.1   9.5 
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In addition, the stimulation occurred at EC values less than 3 dS m-1. Both NWA and WA treatments 

did not cause a significant difference in root length in this range. Inhibition of root growth was 

found in the other treatments, in which NWA100 experienced maximum inhibition (97%). In 

addition, GI, the product of the relative germination rate and root length, is a sensitive parameter 

to assess the toxicity affecting germination and root growth. A GI value larger than 80 did not cause 

phytotoxicity in compost(Tiquia 2010). However, the root length in NWA10 was retarded 

compared to the control while GI was 83. In this study, a GI larger than 100 implies the stimulation 

of seedling growth, for example in WA5, WA10, WA20, and NWA5 treatments. These results 

indicate that root elongation was more susceptible than the germination rate of seeds. 

Final shoot lengths of komatsuna significantly decreased in all treatments when EC increased 

(p < 0.05). All WA treatments promoted the growth of shoots compared to the control treatment 

(Table 4.5). In NWA treatments, shoot lengths were increased by 70% and 32% in NWA5 and 

NWA10 as compared to the control, respectively, whereas those were inhibited in the other 

treatments of NWA, in particular up to 100% for NWA100. From the results, the washing process 

seems better to promote growth of shoots. 

Table 4.5 Germination parameters of different NWA and WA treatment 

 Parameters NWA5 NWA10 NWA20 NWA50 NWA100 

Germination rate (%) 94.7 ± 0.0a 92.0 ± 4.6a 94.7 ± 0.0a 96.0 ± 2.3a 96.0 ± 8.0a 

MTG (day) 1.03 ± 0.02b 1.01 ± 0.03b 1.07 ± 0.06b 1.11 ± 0.04b 1.62 ± 0.04a 

GI (-) 129.7 ± 4.7 83.3 ± 18.2 25.5 ± 1.3 5.7 ± 0.8 2.5 ± 0.3 

Stimulation/inhibition of root (%) 22.8 -16.9 -75.9 -94.2 -97.3 

Stimulation/inhibition of shoot (%)  70.4 31.9 -0.2 -59.6 -100.0 

 Parameters WA5 WA10 WA20 WA50 WA100 

Germination rate (%) 96.0 ± 6.9a 100.0 ± 6.1a 94.7 ± 4.0a 100.0 ± 4.0a 93.3 ± 0.0a 

MTG (day) 1.02 ± 0.08b 1.03 ± 0.02b 1.04 ± 0.00b 1.07 ± 0.06b 1.11 ± 0.09b 

GI (-) 123.7 ± 8.4 134.0 ± 15.5 120.2 ± 4.4 53.9 ± 4.8 26.9 ± 3.1 

Stimulation/inhibition of root (%) 27.4 33.7 18.7 -46.8 -73.5 

Stimulation/inhibition of shoot (%)  110.8 99.5 100.0 51.7 6.5 
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Figure 4.1 Root (a) and shoot (b) lengths in solutions with different EC in 5 treatments on day 3. 

Error bars represent standard deviations (n = 3). NWA: Not-washed ash, WA: Washed ash, NaCl: 

Na solution, KCl: K solution, and CT: Control (ultrapure water). 

 

 

 

Figure 4.2 Root (a) and shoot (b) lengths in solutions with different concentrations of P and EC 

levels, 5%, 10%, and 20% are rates of KH2PO4 solution (2.5 and 5.2 mg P L-1) used to ultrapure 

water. Error bars represent standard deviations (n = 3). 
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Figures 4.1a and 4.1b also show the effects of different EC levels due to NaCl and KCl on 

the shoot and root elongation of komatsuna. Root elongation in KCl solution was stimulated at EC 

values of 1 and 2 dS m-1, whereas that in NaCl solution was depressed at all EC levels compared 

to the control. In addition, stimulation of shoot and root elongation was seen in KCl treatments, 

while inhibition occurred in NaCl treatments at all EC levels. Therefore, water-soluble K in NWA 

and WA stimulated the growth of roots and shoots.  

4.3.4.  Germination on P solution 

Seedling growth of komatsuna in P solutions is presented in Figs. 4.2a and 4.2b. A higher P 

concentration had not increased root and shoot lengths after 3 days. Root and shoot lengths in all 

P treatments (except for the data of root length in 20% dilution of 2.5 mg P L-1) were not 

significantly longer than those in the control. Addition of P caused no stimulation of either root or 

shoot elongation. Therefore, the effect of P from CMA on germination and seedling growth was 

negligible.  

4.4. Discussion 

The process of washing CMA reduced EC to one third. Undoubtedly, EC was an inhibiting 

factor for root and shoot growth, which is in agreement with previous studies (Mohammad et al. 

1998; Sanchez et al. 2014). Bliss et al. (1984) documented that salts affect cell membranes of 

imbibing seeds and penetrate the membrane to the cytoplasm. According to Parida and Das 

(2005), excessive amounts of salts decrease osmotic potential and ion imbalance, and subsequently 

lead to initial growth reduction and limitation of plant productivity. With the increasing addition of 

ash, high EC inhibits seed germination and plant growth (Lau and Wong 2001). Application of 

NWA probably increases the salinity at the seedling stage. 
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Table 4.6 K and Na concentrations in ash extracts and KCl solutions at different EC 
 

 

In the present study, K in CMA played an important role in the growth of roots and shoots of 

komatsuna. Potassium solution vigorously stimulated elongation of roots and shoots of komatsuna, 

especially at 1 to 2 dS m-1 (Figs. 4.1a and 4.1b), while P solution did not (Figs. 4.2a and 4.2b). 

Similarly, K made root and shoot lengths longer than those in the control (p < 0.05, Table 4.6). 

According to Leigh and Wyn Jones (1984) and Votrubová and Votruba (1986), K in the vacuole 

and cytoplasm of plant cells increases the osmotic potential and is therefore important in the 

generation of cell turgor. A positive relationship between dry matter weights of leaves and a primary 

root and K concentration was observed at the seedling stage of maize(Votrubová and Votruba 1986). 

A higher K concentration in a hydroponic solution enhanced shoot and root biomass of 15-day-old 

wheat seedlings(Wei et al. 2013). In addition, Li et al. (2010) showed that K improved root growth 

and the structure of cells of maize stalks, while deficient K caused a loose arrangement of root cells. 

The stimulation of root and shoot elongation was probably caused by greater K uptake in root cells.  

As mentioned above, 67% of K was removed by the washing process. Nevertheless, the stimulation 

of shoot and root elongation was stronger in WA treatments than in NWA treatments. This can be 

explained the fact that 75% of Na, which causes salt stress and inhibition of root growth(Lin and 

Kao 1995; Parida and Das 2005), was removed by the washing. In this study, both root and shoot 

NWA  WA KCl solution 

Treatments EC 

(dS m-1) 

K  

(mM) 

Na 

(mM) 

Treatments EC 

(dS m-1) 

K  

(mM) 

Na 

(mM) 

EC 

(dS m-1) 

K 

(mM) 

NWA5 1.84 9.9  2.6 WA5 0.59 3.5 0.6 1 8.3 

NWA10 3.48 19.7  5.2 WA10 1.23 6.9 1.3 2 16.6 

NWA20 6.62 39.4 10.5 WA20 2.36 13.8 2.6 3 25 

NWA50 14.67 98.5 26.2 WA50 5.47 34.5 6.5 4 33.3 

  NWA100 28.4 196.4 52.4   WA100 10.37 69.1 13.1 – – 
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lengths in all levels of Na solution were shorter in comparison with those in ultrapure water. The 

reduction of Na by washing leads to less damage to the growth of seedlings. Moreover, the K left 

in WA seems to promote the elongation of both shoots and roots and competes with the uptake of 

Na. The results show that the optimal concentrations of K for seedling growth were from 3.5 to 16 

mM, whereas inhibition of seedling growth was ascribed to K concentrations higher than 16 mM 

(Tables 5 and 6). Lin and Kao (1995) showed that K concentrations ranging from 0.1 to 10 mM 

suppress the inhibition of root growth of rice seedlings induced by NaCl due to the competition 

between K and Na ions to decrease levels of internal Na. The application of K increases seedling 

development of okra (Paksoy et al. 2013), cucumber(Türkmen et al. 2000), and Arabidopsis (Yang 

et al. 2013) due to the increase in K/Na ratios and reduction of Na uptake by the plants. 

Moreover, high Ca levels (5 and 10 mM) also ameliorate the deleterious influence of salinity 

on the seedling growth of rice during the germination stage(Lin and Kao 1995). Leigh and Wyn 

Jones (1984) reported that in the absence or deficiency of K, the accumulation of Ca and Mg 

increases if they are available and competes with Na uptake. In contrast, Mg salts also causes 

abnormalities in seedlings of Haloxylon ammodendron, but the effects were completely alleviated 

by Ca salts ranging from 1 to 25 mM (Tobe et al. 2007). In this study, because Ca concentrations 

in ash extracts were only equal or less than 0.5 mM, which were lower than that in previous studies, 

the effects of Ca were minor. However, the effects of the washing process on the amount of water-

soluble Ca and Mg were negligible. 

4.5. Conclusions 

This study clarified the effects of the washing of CMA on the germination stage of komatsuna. 

The stimulation of both roots and shoots in the ash extracts with EC less than 3 dS m-1 was greater 

compared to that in ultrapure water due to the water-soluble K in NWA and WA. The growth of 
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roots and shoots was better in WA treatments than in NWA treatments. However, water-soluble K 

was reduced up to 67% in WA. Finally, the washing step should be performed when EC is greater 

than 3 dS m-1; otherwise, NWA can be directly applied to retain K and save the cost and labor. 

Future studies are required to investigate effects of micronutrients and toxic compounds in CMA. 
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CHAPTER 5 

PHOSPHORUS AND POTASSIUM AVAILABILITY FROM CATTLE MANURE ASH 

IN RELATION TO THEIR EXTRACTABILITY AND GRASS TETANY HAZARD 

5.1. Introduction 

Depletion of fossil P resources requires an alternative P source for agricultural use. For the 

sustainable supply of P to agriculture, new technologies of P recycle are necessary in countries 

where natural P resource is limited, like Japan. According to Matsubae-Yokoyama et al. (2009), 

livestock manure, sewage sludge, and steel slag are potential sources for P recycle in Japan. The 

annual production of livestock manure in Japan has reached 8.8 x 107 t in wet weight (MAFF 2011), 

including 6.8 x 105 t nitrogen (N) and 1.2 x 105 t P (Mishima et al. 2009). Livestock manure is 

usually composted to amend soil. Improper composting, however, can cause serious environmental 

problems such as runoff and leaching of N, P, and potassium (K) into surface and ground waters 

(Eghball et al. 1997) and emissions of greenhouse gases (N2O and CH4) (Smith et al. 2008). 

Recently, animal manure has been incinerated to remove organic matter and water and to 

concentrate nutrients in ash, especially P and K, which are limited resources in the world. The 

recoveries of P and K are, respectively, 76–89% and 56–95% for cattle manure ash, 90–100% and 

61–80% for laying-hen manure ash, and 95–100% and 57–78% for swine manure ash (Huang et 

al. 2011). Komiyama et al. (2013) reported that the contents of P and K in ash are 3–4% and 4–5% 

for cattle manure, 11–12% and 9% for swine manure, 5–7% and 6–7% for layer manure, and 10% 

and 16% for broiler manure, respectively. Ash derived from livestock manure has been recently 

considered as an alternative P and K fertilizer to mitigate the aforementioned risks. 

Although ash derived from sewage sludge contains a high amount of P (Anderson 2002; 

Schipper et al. 2001), sewage sludge ash cannot be directly applied to soil as a P fertilizer due to 
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high contents of heavy metals (Herzel et al. 2016). In contrast, direct application of ash from 

livestock manure as an alternative P fertilizer has been tested recently and revealed in the potential 

utility of this source. Particularly, some studies suggested the potential use of ash derived from 

turkey litter (Pagliari et al. 2010) or poultry litter (Codling et al. 2002) as a P fertilizer. They 

demonstrated that the growth and P uptake of corn and wheat were similar with ash and chemical 

fertilizer treatments. In contrast, because P compounds are converted from highly water-soluble 

forms to less water-soluble forms during incineration (Komiyama et al. 2013), ash is considered to 

be a slow-release source of P for plants (Christel et al. 2014). Pagliari et al. (2010) observed initial 

plant development of corn 15–20% higher with a triple-phosphate fertilizer than that with turkey 

manure ash. However, there is little information on determining plant-available P in ash. Codling 

et al. (2002) suggested that the appropriate application rates of poultry litter ash should be 

determined in further studies. Although bioassay is the most reliable method, it consumes time and 

money. Extraction of P using chemicals is a simple approach to predict P availability in ash. 

Extractants such as 2% formic acid, 2% citric acid, and 1 M neutral ammonium citrate were used 

to predict the P availability of phosphate rock (Rajan et al. 1992) and biochar derived from 

biosolids (produced from wastewater treatment) and cattle manure (Wang et al. 2012). These 

chemical extraction methods are thus useful for testing the availability of P in ash. 

There are few studies on the availability of K from manure-derived ash, although it contains 

a high concentration of K, as mentioned earlier. The availability of K in ash to plants has been 

controversial. According to Komiyama et al. (2013), K compounds in cattle and swine manure ash 

are soluble in water. They also reported no significant difference in K uptake between layer manure 

ash and chemical fertilizer. However, low K uptake by wheat from poultry litter ash resulted from 

less available K in the ash (Codling et al. 2002). Therefore, K availability of CMA should be further 
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studied.  

Ash contains also high contents of calcium (Ca) and magnesium (Mg) (Ohno and Erich 1990; 

Unger and Fernandez 1990), which enrich the Mg and Ca in soil and affect uptake balances of Ca, 

Mg, and K (Ohno and Erich 1990). The availability of Ca and Mg depends on the source of ash 

amended in soil. For example, the amendment of coal ash increases the availability of Mg and Ca 

in soil and their uptake by barley, corn, and lettuce (Bierman and Rosen 1994; Hammermeister et 

al. 1998), whereas the addition of poultry litter ash showed less Mg uptake by wheat (Codling et 

al. 2002). High uptake of K by plants, especially by forage, depresses Mg and Ca concentration in 

plants (Grunes and Welch 1989), and subsequently cause the risk of grass tetany for ruminants 

(Grunes et al. 1970). The availability of Mg and Ca should be determined to evaluate the risk of 

grass tetany caused by availability of K in ash. 

Livestock manure per cropland was larger in intensive livestock farming areas in Kagoshima, 

Miyazaki, Tokushima, Aichi, and Iwate (Tsuiki and Harada 1997). Uneven distribution of intensive 

livestock farms in Japan causes an excess of manure application because of high cost for 

transportation. Ash would be a promising fertilizer because its low transportation costs and high 

contents of P and K.  Many studies have reported the availability of P and K in poultry litter ash, 

pig manure ash, or wood ash as mentioned above. The availability of P and K in cattle manure ash 

(CMA) is not fully understood, although cattle manure accounts for the majority of fresh livestock 

manure in Japan (MAFF 2011). More specifically, the relationship between the extractability of P 

and K and their plant uptake from manure-derived ash has not been studied extensively. Cattle 

manure ash was chosen in this study as a source of P and K for cultivating Guinea grass 

(Megathyrsus maximus). The objectives of this study were to evaluate (i) the extractable P and K 

in CMA, (ii) the uptake of P and K by Guinea grass in relation with their extractability, and (iii) the 



72 

 

relationship between CMA application and the grass tetany hazard. 

5.2.  Materials and methods 

5.2.1.  Cattle manure ash 

Composted cattle manure (composted daily cattle manure and beef manure ratio of 50:50) 

was collected from a composting facility located in Handa City, Aichi Prefecture, Japan (Oshita et 

al. 2015). Cattle manure without a treatment of solid-liquid separation was aerobically composted 

with rice straw for 3–6 months with turnover and finally sieved using 20-mm trommel. The water 

content of the compost was 39% at the collection. The compost was subsequently incinerated using 

a pilot-scale fluidized bed incinerator at 850oC for 10 s. The ash was digested with a mixture of 3 

mL HF, 5 mL HNO3, 2 mL HCl, and 18 mL saturated H3BO3 by mixing 50 mg of CMA with 10 

mL of the acid solution. The mixed samples were heated in a microwave oven at 190oC for 15 min. 

Finally, concentrations of P, K, Ca, Mg, and Na were determined using inductively coupled plasma 

atomic emission spectrometry (ICP-AES, ICPS-8000, Shimadzu, Japan) (Table 2.1). The electrical 

conductivity (EC) and pH of CMA were analyzed at a 1:10 ratio (ash:deionized water) with digital 

EC (DS-14, Horiba, Japan) and pH (F-23, Horiba, Japan) meters. The values of EC and pH were 

47.9 dS m-1 and 9.8, respectively. The content of P in CMA was 42,500 mg kg-1, which is similar 

to P (41,600 mg kg-1) in another cattle manure ash (Komiyama et al. 2013) and slightly lower than 

that in poultry litter ash (Codling et al. 2002; Komiyama et al. 2013). The content of K was 155,300 

mg kg-1 in CMA, while that of K was only 39,000 mg kg-1 in poultry litter ash (Codling et al. 2002) 

and 94,100 mg kg-1 in swine manure ash (Komiyama et al. 2013).  

5.2.2.  Extractability of P and K in cattle manure ash  

Phosphorus in CMA was extracted with 2% (w/w) citric acid (CA) or 2% formic acid (FA) 

according to Rajan et al. (1992). An ultrasonication step in the CA and FA extractions was included 
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to extract more P (Wang et al. 2012).  Cattle manure ash was shaken with the extracting solution 

at a ratio of 1:100 on a shaker at 170 rpm for 30 min at 25oC after being dispersed by ultrasonication 

for 10 min. Each extraction was carried out in triplicate. The solid and extract were then separated 

by centrifugation at 5,000 rpm for 3 min. The supernatants were filtered through a 0.2 µm filter 

(Avantec, Toyo Roshi Kaisha, Ltd., Japan) before PO4-P determination with a continuous flow 

autoanalyzer (QuAAtro 2–HR, Bltec, Japan). In addition, water-soluble P, K, Ca, and Mg were 

determined at an ash:deionized water ratio of 1:100. The supernatants were subsequently 

centrifuged at 5000 rpm for 3 min and filtered through a 0.2 µm filter. Finally, water-soluble K, 

Ca, and Mg were measured with an atomic absorption spectrophotometer (AA-6800, Shimadzu, 

Japan). 

5.2.3.  Greenhouse pot experiment 

The soil used in the present study was collected from a mountain that is used to replace 

cesium-137-contaminated agriculture surface soil in Fukushima, Japan. This soil has a bulk density 

of 1.54 Mg m-3, pH of 7.8, and not-detectable water-soluble P and Olsen-P (Table 5.1). Tran et al. 

(2017a) reported that in an incubation study, sandy soil in Fukushima can be improved by the 

application of CMA, but plant availability of P from CMA has not been examined yet. Phosphorus 

and K were applied either as CMA or chemical fertilizers (P as Ca(H2PO4)2H2O, K as KCl, Table 

5.2). Cattle manure ash or chemical fertilizer (CF) was applied at 10 (CMA10, CF10), 20 (CMA20, 

CF20), and 50 (CMA50, CF50) g P2O5 m
-2. Because CMA was assumed to be a low-release P 

source, CMA and CF were combined at ratios of 50% CMA and 50% CF (R10:10) or 90% CMA 

and 10% CF (R18:2) at 20 g P2O5 m
-2. Since CMA contains both P and K, K application rates were 
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determined by the amount of K in CMA at different P rates, equivalent to 19, 38, and 96 g K2O m-

2. A control treatment (CT) with no addition of P and K was added. Nitrogen was applied as NH4Cl 

at 20 g N m-2 before sowing and at 5 g N m-2 every 15 d (beginning after the first harvest) for all 

treatments. The application rates were determined according to the guidelines for forage crop 

cultivation (Department of Agriculture, Forestry, and Fishery, Yamaguchi Prefecture 2012). The 

detailed application rates are presented in Table 5.2. Pebbles (1.5 kg) were placed on the bottom of 

Wagner pots with a surface area of 200 cm2 and height of 19.8 cm and separated from soil with a 

nylon mesh (180 mesh). Then, 3 kg of soil with 1% water was mixed thoroughly with CMA and 

CF, together with NH4Cl and KCl and put into the pot. Soil moisture was maintained between 60% 

and 70% water holding capacity. All pots were arranged 

in a randomized block design in triplicate in a 

greenhouse. The greenhouse pot experiment was 

conducted from May to October 2016 at the Faculty of 

Agriculture, Okayama University. 

After adding water to soil, 12 Guinea grass 

(Megathyrsus maximus) seeds were evenly placed in 

each pot at 1 cm depth. After germination and growth of 

the seedlings to a 5-cm height, the grass was thinned to 

four plants per pot. For harvesting, the grass was cut at 

5 cm from the soil surface every 25 d (4 harvests). The 

grass was placed in a paper bag and then dried in an 

oven at 70oC for 72–96 h until it reached a constant 

weight. Subsequently, the dried grass was weighed and 

Table 5.1. Properties of soil in Fukushima 

Parameters (unit) Values 

Texture Sand 

Clay (%) 0.2 

Silt (%) 9.1 

Sand (%) 90.7 

pH (1:2.5) 7.8 

EC (1:5) (dS m-1) 0.01 

TC (g kg-1) 0.2 

TN (g kg-1) 0.01 

C:N ratio 20 

TP (mg kg-1) 773.3 

Olsen-P (mg kg-1) 0 

Water-extractable P (mg kg-1) 0 

Exchangeable K (mg kg-1) 27.4 

Exchangeable Mg (mg kg-1) 83.7 

Exchangeable Ca (mg kg-1) 1370.3 

Bulk density (Mg m-3) 1.54 
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milled to a powder to determine contents of P, K, Mg, and Ca after Kjeldahl digestion (Bremner 

1996). Total P in plants was analyzed with the continuous flow autoanalyzer. Total K, Mg, and Ca 

were determined by the atomic absorption spectrophotometer. 

5.2.4. Data analysis 

Results are expressed as an average of three replicates with standard deviation (SD). One-

way ANOVA analysis was performed to evaluate statistical differences in grass yield and P uptake 

among treatments by SPSS software 15.0. The significant difference was determined according to 

the Tukey HSD test at a level of 0.05. 

Table 5.2. Application rates and combined application of P and K at different ratios 
 

Treatment CMA CF 

 P (P2O5) K (K2O) P (P2O5) K (K2O) 

 g m-2 

CT - - - - 

CMA10 4.4 (10) 16.0 (19) - - 

CMA20 8.7 (20) 31.9 (38) - - 

CMA50 21.8 (50) 79.8 (96) - - 

CF10 - - 4.4 (10) 16.0 (19) 

CF20 - - 8.7 (20) 31.9 (38) 

CF50 - - 21.8 (50) 79.8 (96) 

R10:10 4.4 (10) 16.0 (19) 4.4 (10) 16.0 (19) 

R18:2 7.8 (18) 28.7 (34) 0.9 (2) 3.2 (3.8) 

Cattle manure ash (CMA) and chemical fertilizer (CF) were applied at 10 (CMA10, CF10), 20 (CMA20, CF20), 

and 50 (CMA50, CF50) g P2O5 m-2. Application of CMA and CF was combined at 50% CMA+50% CF (R10:10) 

and 90% CMA+ 10% CF (R18:2) at 20 g P2O5 m-2. 

 

 



76 

 

Table 5.3. Extractability of nutrient elements in cattle manure ash. Fraction is the % of total P, K, 

Mg, and Ca in CMA 

 Extractability (mg g-1) Fraction (%) 

CA-P 38.4 90 

CAs-P 38.4 90 

FA-P 30.4 72 

FAs-P 35.6 84 

Water-soluble P  1.1 2.5 

Water-soluble K 142 91 

Water-soluble Mg 0.4 1.3 

Water-soluble Ca 0.89 1.1 

CA-P and CAs-P: Phosphorus extracted by 2% citric acid without or with 10-min ultra-sonication, respectively. 

FA-P and FAs-P: Phosphorus extracted by 2% formic acid without or with 10-min ultra-sonication, 

respectively. 

5.3. Results and discussion 

5.3.1.  Extractability of P and K in cattle manure ash  

Results of P and K extractions from CMA are presented in Table 5.3. Different extractants 

affected P extraction. More specifically, more P was extracted with CA (90%) than FA (72%). The 

effect of sonication on P extraction by CA was negligible, while sonication increased P extraction 

by FA. In the P fertilizer industry, P extractability by chemicals such as CA and FA is measured to 

evaluate the agronomic effectiveness of P fertilizer. According to Hedley and McLaughlin (2005), 

extraction of P in phosphate rock by CA and FA is used to evaluate the reactivity of phosphate rock 

and as a criterion for suitability of its direct application. High amounts of P extracted by CA and 

FA probably indicate the suitability of direct application of CMA as a P fertilizer for plants. In this 

experiment, only 2.5% of P in CMA was soluble in water (Table 5.3), because P exists in 

recalcitrant forms in ash (Komiyama et al. 2013; Thygesen et al. 2011). Since P was mainly present 
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as Ca compounds in CMA (Oshita et al. 2016), P was insoluble in water and soluble in 2% CA and 

2% FA. Other studies (Kuligowski and Poulsen 2009; Kuligowski et al. 2008) also showed that  

total water extractable P in ash at the same ratio of solid–water as our experiment was only 1% of 

total P in pig manure ash. Ash application with low water-soluble P can mitigate P losses in sandy 

soil compared to chemical fertilizer and cattle manure compost application (Tran et al. 2017a).  

 Up to 91% of total K in CMA was soluble in water. Rubæk et al. (2006) reported that the 

solubility of K depends on types of ash, and 35% and 100% of total K in pig manure and poultry 

litter ash were soluble in water, respectively. In agreement with previous studies, K in ash derived 

from poultry litter, manure cattle manure, swine manure (Komiyama et al. 2013), and wood (Ulery 

et al. 1993) was soluble in water. Potassium chloride was a main form of K in CMA and easily 

leached with water (Oshita et al. 2016). Komiyama et al. (2013) also found that K existing as KCl 

and K2SO4 in ash derived from cattle manure, swine manure, layer manure, and broiler manure is 

soluble in water.  The solubility of Mg and Ca in water was only 1.3% and 1.1% of total Mg and 

Ca in CMA, respectively. In agreement with Oshita et al. (2016), 99% of Ca and Mg was not 

removed from cattle manure ash by washing with water.  

5.3.2.  Guinea grass yields and P uptake in relation to P solubility in cattle manure ash 

 Monthly average temperatures and humidity fluctuated from 23oC to 32oC and 62% to 75%, 

respectively. Both Guinea grass yield (Fig. 5.1) and P uptake (Fig. 5.2) increased significantly with 

amendment of CMA and CF compared with the control (p <0.05). All plants in the CF50 treatment 

died after germination, while plants in CMA50 treatment developed normally. The reason is 

unknown in this study. Total plant yields in the CMA treatment were comparable to that in the CF 

treatments (p >0.05). Increasing the application rates of CMA and CF had no significant effect on 

the total plant yield (p >0.05), although the treatments with higher rates of P always produced 
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higher yields. Yields of each harvest also were not significantly different between CMA- and CF-

amended treatments (p >0.05). Similarly, plant yields with ash from poultry litter (Codling et al. 

2002; Komiyama et al. (2013), turkey manure (Pagliari et al. 2010), and wood (Cavaleri et al. 

2004) were equal to those with P chemical fertilizer. Because Guinea grass yields were higher in 

CMA-amended treatments than in the CT treatment and not significantly different among CMA 

treatments, the CMA10 would be appropriate application rate of CMA to prevent excess 

application of P in this study. 

 The total P uptake was, however, more sensitive to the application rates of P and sources of 

P than the total grass yield (Fig. 5.2). Increasing the rates of CMA and CF produced a significant 

increase of P uptake (p <0.05). Particularly, the total P uptake was significantly greater in the CF20 

treatment than in the CMA20 treatment, while the difference between CMA10 and CF10 was not 

significant. In contrast, there was no significant difference in P uptake at each harvest (except for 

P uptake in CMA20 and CF20 treatments at the third harvest) at the same rate between CMA and 

CF treatments. The percent of total P uptake per total P addition was 15-33% in CMA treatments, 

30-39% in CF treatments, and 26-27% in combination treatments. According to Wild (1988), 

annual crops usually take up about 5–25% of the phosphate applied, and the accumulated P was 

converted into non-labile form. The combination treatments of CMA and CF showed no significant 

difference of P uptake compared to the CF and CMA20 treatments (p > 0.05). The lower total P 

uptake in CMA20 than in CF20 can be explained by existing recalcitrant P compounds in CMA. 

Tran et al. (2017a) also observed that P release from soil amended with CMA was lower than that 

from soil with chemical fertilizer or cattle manure compost in a laboratory study. The present result 

is consistent with Kuligowski et al. (2012), who reported that P uptake by ryegrass from chicken 

litter ash was lower than that from chemical fertilizer. Pagliari et al. (2010) reported a lower uptake 
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of P from ash derived from turkey manure compared to conventional fertilizer at the initial stage 

of corn growth. However, the P concentration in wheat was higher with poultry litter ash 

application than with chemical P application (Codling et al. 2002).   

Many studies have used both plant yields and P uptake to evaluate P availability from rock 

phosphate (Rajan et al. 1992) and sewage sludge (Plaza et al. 2007). However, P uptake is more 

susceptible than plant yield for evaluating P availability (Plaza et al. 2007; Wang et al. 2012). 

Overall, the responses of P uptake to CMA and CF application were more different than those of 

plant yields. Phosphorus uptake was thus considered to be a more valid parameter for evaluating P 

availability from CMA application compared to grass yield and was used to compare the 

relationship with the chemical extractants. Because P in CF (Ca(H2PO4)2H2O) is highly soluble in 

water (Mullins and Sikora 1994), P in CF is assumed to be readily available to plants. The plant 

available P of CF treatments (CF TP, solid line) in Fig. 5.3a and 5.3b were therefore the highest in 

the present study. In Fig. 5.3b, the data of P extracted with FA were asymptotic to that of CF TP. 

Total P (TP), FAs-P, CA-P, and CAs-P were larger than the available P in CMA. As a result, the 

FA-P without sonication was a more reliable parameter than the others to predict the P available 

from CMA. Rajan et al. (1992) reported that the extraction of P with FA was a good parameter to 

test plant-available P in phosphate rocks, which is similar to our result.  
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Figure 5.1. Shoot dry matter yields and root dry weight of Guinea grass cultivated in pots with soil 

fertilized with cattle manure ash or chemical fertilizer. Lower case is used for each harvest and root 

weights; capital letters indicate total biomass. Data are from four harvests and root residue (RR). 

All plants in CF50 died. Different letters represent significant differences (p <0.05). 

 
 

 

Figure 5.2. Phosphorus uptake of Guinea grass cultivated in pots with soil fertilized with cattle 

manure ash or chemical fertilizer. Lower case is used for each harvest and root weights; capital 

letters indicate total biomass. Data are displayed from four harvests and root residue (RR). All 

plants in CF50 died. Different letters represent significant differences (p <0.05). 
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Figure 5.3. Relationships between (a) dry matter yields and extractable P addition; (b) plant P 

uptake and extractable P addition. Data are displayed from total P (TP), 2% formic acid extractable 

P without or with the ultra-sonication (FA, FAs), and 2% citric acid extractable P without or with 

the ultra-sonication (CA, CAs). 
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5.3.3.  Potassium availability in relation to grass tetany hazard 

Potassium availability from CMA application 

 Figure 5.4 shows K uptake by Guinea grass from the different sources at different application 

rates of K. The addition of K from CMA and CF to the soil significantly increased K uptake (p 

<0.05). There was no significant difference in K uptake (p >0.05), despite increasing the application 

rates and different types of K source. The availability of K in CMA is explained by the high 

solubility of K in water (Table 3). Similarly, ash derived from layer manure (Komiyama et al. 

2013) and wood (Haraldsen et al. 2011; Sharifi et al. 2013) can be used as a K fertilizer for plants. 

However, Codling et al. (2002) reported that K uptake by wheat was lower from poultry litter ash 

than from a chemical fertilizer because of less available K and low amount of K. In this study, 

increasing the amounts of CMA or CF from 16.0 to 79.8 g K m-2 did not increase K uptake in CMA 

and CF treatments. Adding K was sufficient for plants at the lowest application rate during the 

experiment period. Amounts of available K in CMA20 and CMA50 treatments were greater than 

the grass K requirement. Thus, 26% and 65% (data not shown) of K were not used by grass and 

accumulated in soil in CMA20 and CMA50 treatments, respectively.  Sharifi et al. (2013) also 

reported that available K ranging 38-96% of total K in wood ash was greater than K requirement 

by ryegrass, and some of the available K remained in soil after the experiment. Because the K 

content (155,300 mg kg-1) is approximately four times higher than the P content (42,500 mg kg-1) 

in CMA, K addition from CMA caused K abundance in soil in the present study. Because K in 

CMA was soluble in water, the excess of K probably creates a risk of K leaching. As a result, CMA 

is an available K source comparable to chemical fertilizer for grass, but the application rates should 

be considered to mitigate K accumulation in soil. In the viewpoint of K uptake and risk of K 

leaching, the lowest rate of CMA was recommendable in this study. 
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Grass tetany hazard  

 Increasing application rates of CMA did not significantly change contents of Mg and Ca in 

the grass (Table 5.4). The Ca content was not different among treatments because of high amount 

of exchangeable Ca (Table 5.1) in the initial soil. Low content of Mg accompanied by low content 

of Ca in forage also leads to a high risk of grass tetany in ruminants (Grunes et al. 1970). In the 

present study, the Mg in grass at each harvest in CMA and CF treatments were from 1.12 to 1.93 

g kg-1 (data not shown), while the recommended safe level in forage is above 2 g kg-1  (Grunes et 

al. 1970). The Ca levels of grass found in the treatments amended with CMA and CF were also 

relatively low, with range from 2.03 to 4.82 g kg-1, which was lower than safe levels (over 6 g kg-

1) mentioned by Metson et al. (1966).  

In this study, the ratios of K/(Ca+Mg) were close to 2.2 (Table 5.5), which is  hazardous  for  

ruminants  (Grunes and Mayland 1984; Walker and Graffis 1979). It can be explained by the large 

application rates and high solubility of K from CMA and KCl, which would have depressed Mg 

content in grass as mentioned earlier. Mozaffari et al. (2002) also observed that Mg content in corn 

shoot was reduced with increasing application rates of K derived from alfalfa ash. The less water-

soluble Mg in CMA was probably another reason for the low Mg contents in grass. Another 

possible factor is the ammonium source (NH4Cl) used as an N source in the experiment. Grunes 

and Welch (1989) indicated that application of ammonium-N resulted in lower uptake of Mg and 

Ca by plants than nitrate did.  

The addition of CMA should be reduced to avoid excess application of P and K. To reduce 

the amount of K added by CMA, a combination of CMA and conventional P fertilizer and/or the 

use of CMA washed with water (Oshita et al. 2016; Tran et al. 2018) could be adopted. Further 
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studies are required to mitigate the risk of grass tetany caused by CMA application. On the other 

hand, the application of CMA would be promising for crops other than forage crops. For example, 

turkey manure ash, which contains K as much as in the ash used in the present study, was a potential 

P and K source for corn (Pagliari et al. 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Potassium uptake of guinea grass cultivated in pots with soil fertilized with cattle 

manure ash or chemical fertilizer. Lower case was used for each harvest and root weights; capital 

letters indicate total biomass. Data were displayed from four harvests and root residue (RR). All 

plants in CF50 died. Different letters represent significant differences (p <0.05). 
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Table 5.4. Contents of Ca and Mg in Guinea grass shoots (4 harvests) and root-residue 

Different a-c letters in each column represent significant differences using Tukey test at 5% level. RR: Root residue. 
 

 

 

 

 

 

 

 

Treatment Ca Mg 

 1st 2nd 3rd 4th RR 1st 2nd 3rd 4th RR 

g kg-1 

CT 3.11a ± 0.37 5.78a ± 0.90 3.60a ± 1.01 4.72a ± 0.09 11.99a ± 1.13 1.59a ± 0.26 3.68a ± 0.37 1.93a ± 0.14 1.88a ± 0.06 4.37a± 0.61 

CMA10 2.03b ± 0.16 2.71c ± 0.23 2.82a ± 0.17 4.18a ± 0.69 6.21b ± 0.94 1.07b ± 0.05 1.37b ± 0.13 1.42bc ± 0.11 1.70a ± 0.20 2.80a ± 0.39 

CMA20 2.25b ± 0.21 2.92c ± 0.08 2.85a ± 1.36 4.09a ± 0.37 8.48ab ± 0.55 1.19b ± 0.03 1.57b ± 0.11 1.55b ± 0.07 1.66a ± 0.03 3.29a ± 0.09 

CMA50 2.35b ± 0.35 3.08c ± 0.27 2.94a ± 0.43 4.40a ± 0.96 6.33b ± 0.90 1.14b ± 0.11 1.45b ± 0.15 1.46bc ± 0.24 1.86a ± 0.16 4.02a ± 1.68 

CF10 2.30b ± 0.07 3.34bc ± 0.62 2.57a ± 0.05 4.56a ± 0.48 7.96ab ± 2.26 1.17b ± 0.15 1.44b ± 0.06 1.24c ± 0.00 1.80a ± 0.24 4.45a ± 0.48 

CF20 2.49b ± 0.15 4.48ab ± 0.44 2.75a ± 0.32 4.82a ± 0.27 7.53b ± 1.90 1.25ab ± 0.23 1.54b ± 0.11 1.24c ± 0.00 1.62a ± 0.07 3.65a ± 0.47 

R10:10 2.48b ± 0.12 3.04c ± 0.48 2.58a ± 0.31 4.08a ± 0.03 7.04b ± 1.47 1.12b ± 0.04 1.33b ± 0.04 1.24c ± 0.00 1.93a ± 0.10 3.27a ± 0.26 

R18:2 2.52ab ± 0.06 2.98c ± 0.24 2.74a ± 0.61 4.60a ± 0.92 6.54b ± 1.55 1.21ab ± 0.06 1.40b ± 0.04 1.24c ± 0.00 1.87a ± 0.23 3.43a ± 0.11 
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Table 5.5. Effects of application of CMA on tetany hazard risk K/(Ca + Mg)* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* On equivalent basis 

5.4.  Conclusions 

The study aimed at evaluating the extractable P and K in CMA, the uptake of P and K by 

Guinea grass in relation with their extractability, and the grass tetany hazard. The extractable P in 

CMA was in the order of CA-P > FA-P > water-soluble P. Up to 91% of the total K in CMA was 

soluble in water. The greenhouse experiment revealed no significant difference in the grass yield 

regardless of the source of P and application rates. However, the P uptake was significantly lower 

in ash-amended treatments than in the chemical fertilizer-amended treatment. The P uptake 

indicated that 2% formic acid extraction without sonication can be used to predict the P availability 

in CMA. Potassium from CMA was available to grass and comparable to K from CF, but the supply 

was excessive in CMA20 and CMA50 treatments. Grass tetany ratio was around 2.2 in all 

treatments except the control. High available K in CMA depressed the Mg and Ca contents in the 

grass and increased the potential hazard of grass tetany, regardless of application rates of CMA. 

The lowest application rate (10 g P2O5 m
-2) of CMA was better from the viewpoint of grass yields 

in this experiment. However, this application rate caused the risk of grass tetany. We further need 

Treatment 1st 2nd 3rd 4th 

CT 1.95 1.21 1.12 1.22 

CMA10 2.30 2.34 1.74 1.41 

CMA20 2.03 2.03 1.99 1.55 

CMA50 2.11 2.14 2.13 1.56 

CF10 2.20 1.74 2.06 1.76 

CF20 2.12 1.55 2.06 1.49 

R10:10 1.88 2.11 2.07 1.64 

R18:2 2.13 2.07 2.06 1.44 
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to examine less application effects of CMA. CMA washed with water and combining use of CMA 

and another P source (free K) could be options to reduce excess K addition from CMA. The direct 

application of CMA to other crops should be considered in further studies. Because CMA was one 

case of mixture between daily cattle manure and beef manure, further studies are suggested to 

evaluate the potential use of other cattle manure ashes in other regions in Japan. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS, AND FURTHER STUDIES 

The depletion of mined P calls for P recovery in agriculture sector, which consumes majority 

of total P. Cattle manure was incinerated to produce ash containing high P that has been evaluated 

release and availability in laboratory and greenhouse. Besides P, because CMA contains high 

amount of K, K availability was also evaluated in this dissertation. The general objectives are to 

investigate the release and availability of P from CMA and soil amended with CMA and 

concurrently test the availability of K on grass.  

6.1. Summary  

 Phosphorus release mechanisms and fractionation were investigated in Chapter 2. Because 

the soil used in this experiment was collected in mountain to replace cesium-contaminated soil in 

Fukushima, it was sandy and P-deficient. The application of CMA as a P fertilizer showed less 

water-soluble P compared to that of compost and chemical fertilizer in Fukushima soil. It can be 

explained that P in CMA exists as Ca-bound P insoluble in water. Phosphorus in CMA was applied 

at different rates to determine appropriate rate that not only reduces P loss and increase P 

availability in the sandy soil. As a result, the appropriate application rates of CMA were 94 and 

157 mg P kg-1 corresponding to 30 and 50 g P2O5 m
-2.  

Effects of cation and anions existing in soil or fertilizer/amendment addition on P release 

from soil amended with CMA were determined in Chapter 3. The presence of cations and anions 

accelerated P released from soil amended with CMA compared to that of deionized water. Of the 

cations present in solutions, the highest P release was seen in the NH4
+ background in the soil 

amended with CMA at higher than 300 mg P kg-1. Among the background solutions containing 

anions, the greatest P was observed in the solution containing HCO3
- in both soil amended with 



104 

 

CMA and CF. SO4
2- solution also greatly increased P released from the CMA-amended soil. These 

results suggested that more efficiency of P application from CMA would occur with the presence 

of NH4
-, HCO3

-, and SO4
2-. In contrast, high addition of Ca2+ and NO3

- ions would be not 

recommended.  

Due to high content of salts in CMA and sensitivity of seedlings, Chapter 4 clarified the 

effects of the washing of CMA on the germination stage of komatsuna. Komatsuna seeds were 

cultivated in Petridish in different solutions for 3 days. The stimulation of both roots and shoots in 

the ash extracts with EC less than 3 dS m-1 was greater compared to that in ultrapure water due to 

the water-soluble K in NWA and WA. The growth of roots and shoots was better in WA treatments 

than in NWA treatments. However, water-soluble K was reduced up to 67% in WA. Finally, the 

washing step should be performed when EC is greater than 3 dS m-1; otherwise, NWA can be 

directly applied to retain K and save the cost and labor.  

The laboratory and bioassay tests were carried out to evaluate the extractable P and K in CMA, 

the uptake of P and K by Guinea grass in relation with their extractability, and the grass tetany 

hazard. The extractable P in CMA was in the order of CA-P > FA-P > water-soluble P. Up to 91% 

of the total K in CMA was soluble in water. The greenhouse experiment revealed no significant 

difference in the grass yield regardless of the source of P and application rates. However, the P 

uptake was significantly lower in ash-amended treatments than in the chemical fertilizer-amended 

treatment. The P uptake indicated that 2% formic acid extraction without sonication can be used to 

predict the P availability in CMA. Potassium from CMA was available to grass and comparable to 

K from CF, but the supply was excessive in CMA20 and CMA50 treatments and caused K 

accumulation in soil. Grass tetany ratio was around 2.2 in all treatments except the control due to 

high addition of K, which was available for the grass. The lowest application rate (10 g P2O5 m
-2) 
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of CMA was better from the viewpoint of grass yields in this experiment. However, this application 

rate caused the risk of grass tetany. 

6.2. Conclusions  

Animal manure ash can be directly applied in soil as P fertilizer (Codling et al. 2002; 

Komiyama et al. 2013; Kuligowski et al. 2012), while sewage sludge ash should be pretreated 

before the application due to high contents of heavy metals (Herzel et al. 2016). Similarly, CMA 

was directly applied to Fukushima sandy soil in this study. Because of less water-soluble P, CMA 

can to prevent potential P loss in the sandy soil in Fukushima instead of compost and chemical 

fertilizer. Slow release P in CMA was shown in the incubation study. To improve P release from 

CMA application, the interaction of P in CMA and common ions in soil and other fertilizers was 

investigated. Understanding P release together with other ions in soil would benefit guideline 

application of CMA for different conditions.  

The availability of P in CMA was fully demonstrated in both laboratory and field tests using 

Guinea grass. Cattle manure ash could be used as an alternative P source, but it is needed to improve 

P release by the addition of NH4
-, HCO3

-, and SO4
2-. From a viewpoint of K accumulation in soil 

and grass tetany hazard, the application of CMA should be considered, although K stimulated shoot 

and root growth at the seedling stage of Komatsuna. Alternatively, the combination of CMA and 

other P fertilizer sources (free K) is recommendable. Leaching with water would be another option 

to reduce K in CMA.    

6.3. Implication for further studies 

Low water-soluble P from the application of CMA reduced potential P loss through 

leaching/runoff. Increases in P release in CMA as starter P fertilizer would be beneficial for 

intensive farming systems or short-term plants. The high application of other fertilizers such as 
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nitrogen, potassium, and lime strongly affects P release from CMA application. Therefore, the pot 

experiments are suggested to fully evaluate the interaction of common ions in soil and in other 

fertilizer with P in CMA. The study on ion interaction is important for virgin and nutrient-deficient 

soil types that high initial application rate of fertilizers is applied to increase soil nutrient.  

Because CMA application increased grass tetany hazard for Guinea grass, CMA washed with 

water and combining use of CMA and another P source (free K) are suggested to reduce the tetany 

hazard. The direct application of CMA to other crops should be considered in further studies. In 

addition, because CMA was one case of mixture between daily cattle manure and beef manure, 

further studies are suggested to evaluate the potential use of other cattle manure ashes in other 

regions in Japan. 
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