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ABSTRACT 

 Estimating soil N, S, and P mineralization (conversion from organic to plant-

available, inorganic nutrients) potential is necessary to improve the determination of 

fertilizer rates for crop production. The purpose of this study was to measure the N, S, 

and P mineralization potentials of soils amended with inorganic fertilizer (IF) or poultry 

litter (PL), and to evaluate different methods to estimate mineralization. To this end, soil 

samples from four long-term (> 10 yr) field trials with PL- and IF-amended plots were 

analyzed. The N mineralization potential (No) measured by aerobic incubations (24 wk) 

was 1.8 to 233.1 g N kg-1 greater in PL- than in IF-amended soils, depending on the type 

of soil. Different chemical and biological methods to estimate No were evaluated, but 

only the 7-d anaerobic incubation (Nan) presented a strong association with No, which was 

similar for both fertilization treatments (r2= 0.96). The S mineralization potential (So) was 

0 to 21.2 g S kg-1 greater in PL-amended soils than in IF-amended soils, depending on the 

type of soil. The 7-d aerobic incubation, the extraction with NaHCO3, and Nan were good 

estimators of So (r
2=0.85, 0.85 and 0.99, respectively). The increase in No and So 

observed in PL- relative to IF-amended soils was closely associated with the soil clay 



content (r2> 0.90). The cumulative organic P mineralized in a 13-d incubation 

experiment, measured by the isotopic dilution method, varied between 9.7 and 90.7 mg P 

kg-1, and was greater or equal in PL- than in IF-amended soils, depending on the type of 

soil. The mineralized P was strongly associated with the organic P content in the coarse 

fraction of the soil (> 53 µm) (r2=0.92), but not with any other measured labile P pool in 

the soil. Additionally a model was developed to predict P mineralization based on soil 

respiration during an aerobic incubation and the C:P ratio in the coarse fraction of the 

soil. Our results suggest that the quantification of Po in the CF as well as the 

measurement of respiration corrected by the Ct:Po ratio of the CF are promising non-

isotopic indicators of Po mineralization rates. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Poultry industry operations in the United States are concentrated in the southeastern 

states (Alabama, Arkansas, Georgia, Mississippi and North Carolina) where almost 5 

billion broilers (Gallus gallus domesticus) are produced annually (National Agricultural 

Statistics Service, 2014). This value represents 60% of the total broilers produced in the 

country. Considering that each broiler generates about 1.5 kg of poultry litter (PL) annually 

(a mixture of excreta, organic bedding material and feed) (Watts et al., 2010), then there is 

a regional production of 7.5 million Mg PL year-1. This material is commonly used to 

fertilize crops and pastures, because it is rich in available macro and micro nutrients 

(Eghball et al., 2002).  

Due to the high cost of transporting PL, farmers in regions of high PL production 

tend to over-apply this product in a limited zone close to the poultry production facilities. 

As a result, the PL generated in areas of high broiler production surpasses the capacity of 

local farmlands to assimilate the nutrients. This situation leads to an over application and 

consequent accumulation in soil of macronutrients such as N, P, Ca, K, Mg, and 

micronutrients like Cu and Zn (He et al., 2009a; Schomberg et al., 2009a). This excess can 

be harmful for both the crops and the environment. For example, N can be exported from 

the system by gas emissions or leaching, negatively affecting the atmosphere and ground 
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water quality, respectively (Chang and Janzen, 1996; Zebarth et al., 1999), while P can 

migrate to surface waters increasing the risk of eutrophication (Sharpley et al., 1994). 

Regardless of the negative consequences of over-applying PL, this product has the 

potential to improve soil quality (soil capacity to sustain plant and animal productivity, 

maintain or enhance water and air quality, and support human health) in the long term when 

it is applied at adequate rates. This is because the use of repeated applications of organic 

fertilizers can enhance the soil’s labile C pool (Sommerfeldt et al., 1988) and also augment 

microbial biomass and microbial activity (Witter et al., 1993). Watts et al. (2010) 

determined an increase in total organic carbon (TOC) of 7.3 g kg-1 in the upper 5 cm of a 

fine sandy loam soil after 14 years of annual applications of PL; while Kingery et al. (1994) 

observed an increase of 4 g TOC kg-1 at a 0 to 15 cm depth after more than 20 years of PL 

application on a fine loamy soil. Also, Daigh et al. (2009) reported an accumulation of 8.7 

g TOC kg-1 in the upper 10 cm of a silt-loam soil after a 10 - year period.  

Considering that the organic fraction of soils represents up to 98 % of total N, 80 

% of total P (Kellogg et al., 2006), and at least 90% of total S (Zhou et al., 1999), then it is 

evident that if the application of PL increases organic matter, it may also enhance the 

amount of organic nutrients in soil, leading to an increase in the mineralization (conversion 

from organic to plant-available, inorganic nutrients) potential. This process is vital for 

crops mineral nutrition, and must be quantified in order to determine the adequate 

fertilization rate to be used in some soils (Zebarth et al., 1999). However, there is limited 

information regarding N mineralization in soils amended with PL, and there is no 

information on P and S mineralization rates. 
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There are several methods to estimate nutrient mineralization in soil, based on 

either chemical or biological principles. Chemical methods measure the amount of specific 

organic fractions that can be easily mineralized (Mulvaney et al., 2001). They are based on 

empirical approximations and their use is limited. On the other hand, biological methods 

quantify the amount of nutrients released by microbial activity under controlled 

temperature and moisture conditions. These methods require lengthful incubations. The 

techniques available to estimate mineralization and their precision  varies depending on the 

considered nutrient. 

 

1. NITROGEN 

1.1 Changes in soil N caused by repeated PL applications 

One of the ways by which the N mineralization potential of a soil can be increased 

is through the accumulation of active (easily mineralizable) and passive (recalcitrant) 

organic fractions (Franzluebbers et al., 1994). However, not only the quantity but the 

quality of the accumulated fractions will finally determine the resulting mineralization rate 

(Paustian et al., 1992). 

Many studies have demonstrated that the long-term application of PL has the 

potential to increase soil total N concentration. For example, He et al. (2009b) determined, 

on a sandy loam Typic Hapludult from Alabama, that total N concentration in the upper 20 

cm of soil was 300, 440, 1200, and 1280 mg kg-1 after 0, 5, 10, and 15 years of fertilization 

with PL, respectively, at a 2.4 Mg ha-1 rate. In the same study site, and after 14 years of PL 

fertilization treatment, Watts et al. (2010) determined an increase in total N concentration 

of 0.3 and 0.5 mg N kg-1 soil in soybean or corn cropping systems, respectively. This 
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increase was observed in the 0 to 5 cm layer from soils under no-tillage system, but not in 

those conventionally tilled. No difference in the soil C:N ratio was generated by PL 

application. On the other hand, Kingery et al. (1994) determined that a long-term PL 

application (>15 years) to pastures not only increased  soil total N but reduced the C:N 

ratio in the upper 15 cm of fine-loam and clayey soils from Alabama. Adeli et al. (2007) 

observed that soil total N content was 0.61, 0.69 and 0.77 g N kg-1 when the soil was 

amended for three years with 0, 4.5, and 6.7 Mg of PL, respectively, on a silt loam soil 

from Mississippi. This increase of total N content with increasing PL applications was also 

described by Adeli et al. (2010). 

The previously described results demonstrate that the rate and the years under 

treatment with PL increase total N, and that this increase is affected by the cropping and 

tillage systems. Even though some studies examined this response in coarse soils (He et 

al., 2009b) or in fine-textured soils (Adeli et al., 2010; Kingery et al., 1994; Watts et al., 

2010), there are no available studies analyzing the effect of soil texture on the accumulation 

of total N in soil after repeated PL applications. This is important because part of the total 

N from PL is accumulated as organic N compounds (He et al., 2014; Xiao-Tang et al., 

2006), and the clay content determines in part the capacity of a soil to protect organic 

compounds against decomposition (Six et al., 2002). 

It has been shown that long-term fertilization with PL can affect not only the 

quantity of organic N compounds in the soil, but also their relative composition. Xiao-Tang 

et al. (2006) demonstrated that 15 years of PL amendment at a rate of 7.5 Mg ha-1 on a 

calcareous alluvial soil from China increased the concentration of aminoacid-N, 

ammonium-N, and hydrolysable-unknown-N but did not modify amino-sugar-N. He et al. 
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(2014) also determined that the concentration of amino-compounds in the 0 to 20 cm layer 

of a sandy loam soil from Alabama amended with PL was ten times greater than in the un-

amended control.  

 

1.2. Methods to measure or estimate N mineralization 

1.2.1 .Long term aerobic incubations  

The use of long-term incubations (150 days or more) to determine mineralizable N 

was initially described by Stanford and Smith (1972), but many modifications were 

proposed regarding the incubation time and the water content during the process (Keeney 

and Nelson, 1982). Even though this technique is time-consuming, and therefore 

inadequate for routine analysis, it is considered the standard method to determine N 

mineralization potential (Schomberg et al., 2009b). 

Long-term incubations are used to determine the potentially mineralizable N (N0), 

which is the fraction of soil N mineralized according to first-order kinetics under optimal 

conditions of temperature, moisture, and aeration: 

 

Nt = No (1 – e –kt) 

 

Where t = time, k = mineralization constant and Nt = N mineralized at time t. 

Long-term incubations tend to overestimate the amount of N mineralized on the 

field, probably because of the disturbance generated by drying and sieving the soil samples 

(Cabrera, 1993). 
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1.2.2. Short anaerobic incubation (Nan)  

In this method, the N mineralization potential is determined by measuring the 

amount of NH4
+ released by a water-saturated soil sample during a 7- or 14-d incubation 

at 40oC (Waring and Bremner, 1964). 

The advantage of Nan relative to other methods to estimate N mineralization is that 

it is a simple method, which is quicker than long-term incubations and has a low 

requirement of reactants and equipment. Part of its simplicity lies on the fact that the 

saturation can be easily reached by using an excess of water, no matter the texture of the 

sample; while in other incubations the water content is set at 60% of water-holding 

capacity, and this condition must be determined for each specific soil analyzed. 

 

1.2.3.. Extraction with hot KCl, phosphate-borate or NaOH  

These methods are based on the use of different chemical fractions to extract and 

quantify specific N compounds that are related to the N mineralization potential of the soil.  

The hot KCl method (Gianello and Bremner, 1986) consists of heating the sample 

with 2 mol L-1 KCl in a 100oC water bath for 4 h. After this, the NH4
+-N content is measured 

in the extract. This method quantifies the mineral forms of N and some of the hydrolysable 

NH4
+-N. The results from this method are presented with or without subtracting the initial 

NH4
+-N concentration (Schomberg et al., 2009b). 

The extraction with phosphate-borate consists on the steam distillation of a soil 

sample with phosphate-borate (pH = 11.2) for 8 min (Gianello and Bremner, 1988). This 

procedure extracts a greater N fraction than hot KCl, due to its capacity to extract more 

soluble organic N and labile N associated with mineral surfaces (Curtin and Wen, 1999). 
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The principal extracted compounds are NH4
+-N and some amino-acids (like glucosamine, 

galactosamine, aspargines, and glutamine) (Stanford, 1978). 

The extraction with NaOH also involves the use of steam distillation, but 50% 

NaOH is used instead of phosphate-borate. Even though the principle is the same in both 

extractions, NaOH is a stronger extractant due to its high alkalinity, which results in a 

greater N extracted fraction (Sharifi et al., 2007). The extracted N compounds are basically 

NH4
+-N, amino sugars, amides, and some aminoacids (Stanford, 1978). 

 

1.2.4. Amino-sugars analysis (ISNT, Illinois Soil N Test) 

This method is based on the estimation of an alkali-extractable fraction of soil 

called amino-sugar (Mulvaney et al., 2006). These compounds are structural components 

of a wide group of substances called mucopolisaccharides. The most common ones in soil 

are deoxy-2-amino-D-glucose (D-glucosamine) and 2-deoxy-2-amino-D-galactose (D-

galactosamine). 

Some authors state that the concentration of N-amino-sugars in soil is related to the 

response of crops to N fertilization (Khan et al., 2001; Mulvaney et al., 2001). 

Consequently, they propose to use the concentration of these compounds in the soil as an 

index to recommend N fertilization rates. However, the direct measurement of these 

compounds is not simple, and this is why other techniques to estimate the amino-sugar 

content have been developed. One of these methods quantifies the amount of NH3 released 

when a sample is heated with an alkali (Khan et al., 2001; Mulvaney et al., 2001), which 

yield results closely related to the amino-sugar content (R2=0.82) (Khan et al., 2001). 
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The advantages of this method are that it has a low requirement of reactants and it 

does not demand incubation, which allows results to be determined within a day. However, 

other authors consider that this technique is not efficient for estimating the N mineralization 

rate (Genovese et al., 2009; Marriott and Wander, 2006; Osterhaus et al., 2008), as it 

measures just one constant component (amino-sugars) of soil organic matter that is 

potentially mineralizable. 

 

1.2.5. Nitrogen in the soil coarse fraction 

The soil coarse fraction (CF) of soil is composed of those organic and mineral 

particles whose size is greater than 53 μm (Cambardella and Elliott, 1992). This fraction 

has been also named “particulate organic matter” (Cambardella and Elliott, 1992) or 

“particulate fraction” (Wyngaard et al., 2013). It is greatly affected by management 

practices and its organic pool is very labile (Janzen et al., 1998). Franzluebbers et al. (2000) 

showed that there is a strong relationship between the particulate fraction and the rate of C 

mineralization. 

 

1.2.6. Comparison of methods 

Schomberg et al. (2009b) performed a detailed comparison of methods to estimate 

N0, and determined that there is a high correlation (range of r2 values from 0.76 to 0.88) 

between the evaluated methods (phosphate-borate, Nan, N in the CF and hot KCl) and the 

long-term incubations. However, Sharifi et al. (2007) found much lower regression 

coefficients between the same variables: 0.46 for hot KCl, 0.39 for N-CF, 0.13 for 

phosphate-borate, and 0.51 for ISNT. This disparity can be a consequence of differences 
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in the pools of mineralizable N among soils. For example, Schomberg et al. (2009b), while 

evaluating the amount of N measured by different methods, determined in most of the soils 

the following trend: N-CF > Nan > phosphate-borate > KCl. However, in some soils there 

was a change in this sequence. This indicates that the relative composition of N fractions 

measured by each of the methods can vary.  

 

1.3. Nitrogen mineralization in soils amended with PL 

Previous studies on a sandy loam soil from Alabama found that the long-term 

application of PL increased the N mineralized by up to 33 mg N kg-1soil, in a 90-day 

experiment (Watts, et al., 2010). Even though the use of a short-term, closed incubation 

system in their study allowed them to distinguish between treatments, it did not allow them 

to estimate the mineralization potential of the soil (No). Kingery et al. (1996) using a 254-

day open incubation system (where the products of mineralization are periodically 

removed), determined a 10.5 and 4.8 mg N kg-1 increase in mineralization in PL-amended 

soil under conservation or conventional tillage, respectively. The data from this study could 

not be fit into a first-order single pool or a two-pool model, and could only be fit to a simple 

quadratic model. Therefore, No could not be determined. 

Considering that long-term PL fertilization modifies the relative composition of 

organic N compounds in the soil (section 1.1) and that the chemical methods to estimate N 

mineralization rely on quantifying specific organic N pools (section 1.2), it is important to 

evaluate if the association between the real mineralization potential of the soil (No) and the 

estimated one is similar or not in PL- amended compared to IF-amended soils. 
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2. SULFUR 

2. 1. Changes in soil organic S caused by repeated PL applications 

There are no published studies analyzing the effect of long-term PL applications on 

soil organic S accumulation. However, previous studies have evaluated the effect of other 

organic fertilizers. 

Knights et al. (2000) demonstrated that the long-term amendment of soils with 

farmyard manure (7 Mg ha-1 in dry basis) increases organic sulfur content as compared to 

soils fertilized with inorganic fertilizers. Organic S increased from 220 mg kg-1 in 1860 to 

500 mg kg-1 in 1999. Eriksen and Mortensen (1999) using long-term animal manure 

applications demonstrated that the accumulation of organic S depends on the soil particle 

size distribution, but they did not quantify the effect of texture on S accumulation. 

A study in a clayey soil from India amended for 22 years with farmyard manure 

(15 Mg ha-1 year-1 on dry basis) showed not only a 71.6 mg kg-1 increase in soil organic S, 

but also in the organic S extracted by NaOH and NaHCO3 (Reddy et al., 2001). These two 

fractions are considered to account not only for immediately plant-available S, but also for 

potentially mineralizable S. Therefore, long-term fertilization likely increases the S 

mineralization potential of the soil. 

 

2.2. Methods to measure or estimate S mineralization 

2.2.1. Incubations 

Tabatabai and Al-Khafaji (1980) used the same long-term, open incubation method 

described by Stanford and Hanway (1955) for N mineralization, but quantifying the amount 

of SO4
2--S in the leachate. This approach, where soils are leached periodically to remove 
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SO4
2--S released during a 24-wk incubation, has been used extensively (Ghani et al., 1991; 

Maynard et al., 1983; Reddy et al., 2001; Tanikawa et al., 2014) and it is considered the 

standard method to estimate S mineralization potential.  

In contrast to the case of N, a closed incubation system (were the sulfate released 

by mineralization is not periodically removed and it accumulates) cannot be used for S 

because the accumulation of the sulfate released from the organic fraction inhibits the 

mineralization process (Maynard et al., 1983). Despite this fact, some authors have 

proposed the use of short-term, closed  incubations (less than 14 d) as a S mineralization 

estimator, assuming that the concentration of sulfate released in less than 14 d is not enough 

to inhibit the mineralization (Ghani, 1994; Jones and Tabatabai, 1986). 

It has also been proposed to use the results from N incubations as estimators of S 

mineralization, taking into account the N:S ratio of the soil organic matter (Walker, 1957). 

However, Maynard et al., (1983) have shown that the relationship between NO3
- and SO4

2- 

released during incubation can be greater or smaller than the N:S of the soil organic matter, 

depending on the type of incubation (open or closed system) and the type of soil. 

 

2.2.2. Chemical extractions 

The S organic pool has two major sub-pools: ester sulfates (C-O-S, C-N-S, C-S-S) 

and carbon-bonded S. The first sub-pool is more labile (Barrow, 1961), and most of the 

chemical methods are based on extracting and quantifying part of it. The  methods that 

showed higher correlation with S uptake by crops in unfertilized plots are the extraction 

with 0.25 M KCl heated at 40oC for 3 h (Blair et al., 1991), 0.01 M Ca(H2PO4)2 at 20oC 
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for 1 h (Bao et al., 1999), and NaCl after a wetting-drying cycle (Williams and Steinbergs, 

1959). 

 

2.2.3. Sulfur in the soil coarse fraction 

The particle-size separation of soil samples is frequently used to distinguish 

fractions with different turnover rates (Christensen, 1992). The determination of S in these 

fractions has been previously used to compare between soils (Kirkby et al., 2011) and soil 

management practices (Galantini and Rosell, 1997). However, the use of S in the CF has 

not been evaluated as an estimator of S mineralization. 

 

2.2.4. Comparison of methods 

Even though the use of chemical extractants has been compared to plant S uptake 

(Blair et al., 1991), no comparison has been made between the S pools extracted by 

chemical methods and the potentially mineralizable S determined in long-term aerobic 

incubations (So). Thus, the use of chemical extractants as estimators of S mineralization is 

based on empirical results, and it should be therefore confirmed by comparison with So. 

Also, this comparison would allow the evaluation of which extractant is more efficient as 

a S mineralization estimator. 

 

2.3. S mineralization in soils amended with PL 

There is limited research regarding S mineralization from soil, basically due to two 

factors: the relatively low concentration of S in soil compared to N and the lack of precise 

and economical methods to measure S concentration in soil extracts (Ketterings et al., 
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2011). There have been studies involving the long-term effect of organic fertilizers on S 

mineralization, but none of them used PL as fertilizer. 

 Knights et al. (2001) using a long-term open incubation system determined an 

increase of 10 mg S kg-1 in the cumulative mineralized S from soil samples with a history 

of farmyard manure application, as compared to samples that never received organic 

fertilizers. The mineralization rates were constant through time, resulting in a linear 

increase of the cumulative mineralized S, which do not allow one the calculation of the 

total potentially mineralizable S. Also, when evaluating the long-term effect of farmyard 

manure in a clayey soil from India, Reddy et al. (2001) determined an increase of 3.4 mg 

S kg-1 in cumulative S mineralized when compared to un-amended soils. 

 

3. PHOSPHORUS 

3. 1. Changes in soil organic P caused by repeated PL applications 

Repeated application of PL generates an accumulation of labile organic P in the soil 

in the form of myo-inositol hexakisphosphate (phytate). This has been shown using a 

variety of techniques: P fractionation (Xue et al., 2013), enzyme additions to derive 

enzyme-labile organic P fractions (He et al., 2008), and nuclear magnetic resonance 

spectroscopy (Hill and Cade-Menun, 2009). Phytate-P is the major component of the 

hydrolysable organic P present in PL (He et al., 2008) because birds have a low capacity 

to digest phytate-like P compounds present in the feed, which are then released through 

their feces (Taylor, 1965). Phytate-P can be stabilized by adsorption to clays (Anderson 

and Arlidge, 1962) or by binding to metal ions and oxides (Evans and Martin, 1988, 1991; 

Ognalaga et al., 1994), and to organic molecules (Borie et al., 1989). This interaction 
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prevents the decomposition of phytate by hydrolytic enzymes and leads to its accumulation 

in soil. On the other hand, other P-containing compounds as simple monoesters and DNA 

are weakly adsorbed by the soil matrix, due to the low number of P groups in comparison 

to phytate-like P, and remain more vulnerable to microbial decomposition (Greaves and 

Wilson, 1970). 

 

3.2. Methods to measure or estimate P mineralization 

There are few methods to determine the mineralization of P. This is because  of the 

methodological inconvenience caused by the high reactivity of the PO4
3- ions, which are 

adsorbed by the soil matrix once they are released from the organic pools to the soil solution 

(Frossard et al., 1996).  

 

3.2.1. Incubations 

Dossa et al. (2009) used the incubation method proposed by Stanford and Smith 

(1972), and measured the P content in the leached water by a colorimetric method. 

However, they worked with samples from semiarid soils of Senegal with more than 95% 

sand content and low P sorption capacity. In other soils with a higher sorption capacity the 

use of this method is not possible, as the mineralized P is adsorbed by the soil matrix instead 

of remaining in solution.  

 

3.2.2. Isotopic dilution methods 

The use of isotopic dilution experiments to determine P mineralization has been 

widely used (Achat et al., 2009; Bünemann et al., 2012; Randriamanantsoa et al., 2015), 
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and it is considered the only reliable method to quantify this process. However, this method 

is expensive and labor-consuming, and consequently it cannot be used as a routine analysis. 

The underlying principle of isotopic dilution studies is that after labeling the soil 

solution with an isotope with low abundance (such as 32P), its concentration will be diluted 

in time by the release of the more abundant isotope from the organic matter by 

mineralization (Kirkham and Bartholomew, 1954, 1955).  However, the dilution of 

isotopically-labeled P can also be caused by 31P fluxes from desorption or dissolution, or 

by the adsorption or immobilization of the labeled P (Di et al., 2000).  

The microbial tracer uptake by microorganisms during the incubation experiment 

can be accounted for by using fumigation-extraction methods (Bünemann et al., 2012), 

while diverse methodologies listed below have been developed to overcome the 

inconvenience of the interaction of phosphate with the soil matrix: 

a. Incorporation of a second treatment where the incubated soil is previously 

sterilized so that no mineralization occurs and all the isotopic dilution is caused by soil 

adsorption (Walbridge and Vitousek, 1987). However, the use of sterilization can 

solubilize unavailable P forms, leading to an overestimation of the results (Kellogg et al., 

2006) 

b. Incubation of a non-sterile sample for a short time (100 minutes). This 

methodology assumes that this period is insufficient for biological processes to occur, and 

then only soil adsorption will generate isotopic dilution. After this, the reduction in 32P is 

modeled as a function of time, and the results are extrapolated to the incubation time of the 

main sample (days or weeks) (Lopez-Hernandez et al., 1998).  
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c. Theoretical correction by the use of equations based on the mass balance of the 

system (Kirkham and Bartholomew, 1954).  

 

3.2.3. Zou Method 

This technique is based on distinguishing the processes that take place during a one-

day incubation of a soil sample subject to two different treatments: sterilization (using 

radiation or NaN3) and sterilization + enzyme denaturation (by autoclaving) (Zou et al., 

1992). In the sterilization treatment two processes will occur: the solubilization of 

inorganic P and the mineralization of organic P (by the action of the extracellular 

phosphatase enzyme present in the soil), while in the sterilization + enzyme denaturation 

the only process that will supposedly take place is the solubilization of inorganic P. Then, 

the net mineralization is calculated as the difference between both treatments. 

 A correction factor in the autoclaving treatment must be used to consider the effect 

of the high temperature on P solubilization. This is the main source of variation in the 

results of this method (Kellogg et al., 2006). Another important consideration regarding 

this technique is that the sorption of P by the soil matrix is controlled by the use of anion 

exchange resins during the incubation, to which the P is adsorbed and then quantified. 

The underlying assumptions of this method are that: 1) the sterilization treatment 

affects inorganic P dynamics equally in both treatments, 2) gross organic P mineralization 

is not affected by sterilization, and 3) all the mineralized organic P is sequestered by the 

resins. However, Kellogg et al. (2006) demonstrated that the Zou method greatly over-

estimates the mineralization as compared to isotopic dilution studies, suggesting the 

violation of one or more of the assumptions.  
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3.2.4. P in the coarse fraction 

The P concentration in the soil fraction > 53 μm has been proposed as an estimator 

of P mineralization (Ciampitti et al., 2011). Ciampitti et al. (2011) showed that the 

concentration of total P in the CF (mg P in the CF kg-1 soil) is positively related to the P 

accumulation in corn plants growing in unfertilized plots on a Mollisol in Argentina. The 

amount of plant-available inorganic P in the CF was negligible in similar soils (Wyngaard 

et al., 2013) and thus cannot explain observed differences in plant P uptake. A possible 

explanation is that the mineralization of organic P in the CF supplied plant available P 

during the growing season. As the determination of total or organic P in the CF is simple 

and economical, it could be a promising tool to estimate potential Po mineralization. 

 

3.3. P mineralization in soils amended with PL 

Despite the widely proven effect of long-term PL amendments over soil labile 

organic P pools, there is no information regarding the effect of this practice over P 

mineralization. However, a previous study has demonstrated that repeated applications of 

organic fertilizers can increase organic P mineralization rates: Oehl et al. (2004) 

determined an increase in the P mineralization rate of 1 mg P kg-1 d-1 after 20 years of 

fertilization with anaerobically composted farmyard manure in an Haplic Luvisol from 

Switzerland. 
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4. GENERAL HYPOTHESIS 

The long-term application (more than 10 years) of PL increases the concentration 

of organic N, P, and S, as well as the mineralization rate of these nutrients, as compared to 

soils fertilized with mineral fertilizers, and this increase is affected by soil texture.  

 

5. SPECIFIC HYPOTHESIS 

5.1. Nitrogen 

5.1. 1. The long-term application of PL (more than 10 years) increases soil N mineralization 

potential. 

5.1.2. The accumulation of N in PL-amended soils is greater in clayey soils. 

5.1.3. The association between N mineralization potential (No) and N mineralization 

estimated by chemical methods is affected by the history of fertilization with mineral or 

organic fertilizer. 

 

5.2. Sulfur 

5.2.1. The long-term application of PL (more than 10 years) increases soil S mineralization 

potential. 

5.2.2. The accumulation of S in PL-amended soils is greater in clayey soils. 

5.2.3. The S fractions extracted by chemical methods are associated with those measured 

by long-term incubations. 
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5.3. Phosphorus 

5.3.1. The long-term application of PL (more than 10 years) increases soil P mineralization 

potential. 

5.3.2. The content of P in the CF is associated with the organic phosphorus mineralization 

rate. 

 

6. OBJECTIVE 

The aim of this research was to compare methods to estimate N, P, and S 

mineralization in soils amended with PL as compared to soils amended with mineral 

fertilizers. 
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ABSTRACT 

Estimation of soil nitrogen (N) mineralization can improve the determination of N 

fertilizer rates for crop production. This study evaluated the change in total N (Nt) and N 

mineralization potential (No) after long-term applications of poultry litter (PL) or inorganic 

fertilizer (IF) to soils with contrasting texture. The capacity of different laboratory methods 

to estimate No under both fertilization strategies was also assessed. To this end, samples 

from four field sites that were fertilized with PL or IF for more than ten years were 

aerobically incubated for 24 wk to determine No, which was related to the following quick 

methods for N mineralization: Illinois soil test analysis (ISNT); extraction with hot KCl, 

NaOH, or phosphate-borate (PB); and anaerobic incubation (Nan). Soil Nt concentrations 

of PL-amended soils were 0.08 to 0.63 g kg-1 higher than IF-amended soils, this difference 

was closely correlated with the clay content and resulted in an increase in No of 1.8 to 233.1 

mg kg-1. Of the chemical methods evaluated, PB extraction showed a weak correlation with 

No (R2= 0.55). However, N released by ISNT, NaOH, and KCl extractions was highly 

correlated with No (R
2> 0.94), but each of these methods resulted in separate correlation 

models for IF- and PL-amended soils. In contrast, the association between Nan and No 

resulted in one model for both fertilizer treatments (R2= 0.96). Due to its simplicity, 

biological basis, and capacity to predict No in PL- and IF-amended soils, we recommend 

the use of Nan as an estimator of soil N mineralization potential. 

 

Abbreviations: CF, coarse fraction; Cold_KCl-N, initial KCl-extractable 

ammonium; Ct, total carbon; Hot_KCl-N, hot KCl-extractable ammonium; Hyd_KCl-N; 

hydrolyzable N; IF, inorganic fertilizer; Nan, anaerobic N mineralization; No; potentially 
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mineralizable N; NaOH-N, NaOH distillable N; Nt, total nitrogen; PB, phosphate-borate; 

PB-N, phosphate-borate distillable N; PL, poultry litter; UAN, urea-ammonium nitrate 

fertilizer; 

 

1. INTRODUCTION 

Nitrogen (N) is the most frequently deficient nutrient in cropping systems (Havlin 

et al., 2005). The importance of the mineralization process (conversion from organic N to 

inorganic N) becomes evident when considering that more than 95% of soil N is present in 

organic compounds, and that plants only take up inorganic N forms (NO3
- and NH4

+). Due 

to this contribution of N mineralization to crop nutrition, quantifying the soil N 

mineralization is helpful to determine the adequate N fertilizer rate to be used (Zebarth et 

al., 1999). 

There are several available methods to estimate N mineralization potential in soils, 

and these methods are based on chemical or biological principles. Chemical extraction 

methods, such as extractions with hot KCl (Gianello and Bremner, 1986), NaOH (Sharifi 

et al., 2007) or phosphate-borate (PB) (Gianello and Bremner, 1988), as well as the Illinois 

soil N test analysis (ISNT) (Khan et al., 2001), measure the amount of specific organic N 

fractions that can be easily mineralized (Mulvaney et al., 2001). These chemical extractions 

are based on empirical approximations and their use for determining No is limited. 

Biological N mineralization methods quantify the amount of inorganic N released 

due to microbial activity under controlled temperature and moisture conditions. Among 

these methods, the long-term aerobic incubation method (24 wk at 80% of field capacity) 

described by Stanford and Smith (1972) is considered the standard method to measure the 
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potentially mineralizable N (No); results obtained from other biological or chemical 

methods are usually evaluated by comparison to No (Jalil et al., 1996, Schomberg et al., 

2009, Sharifi et al., 2007). However, the Stanford and Smith (1972) technique is time-

consuming due to the long incubation time required. Another biological method to estimate 

N mineralization potential is the short-term (1 wk) incubation under waterlogged 

conditions at 40 oC described by Waring and Bremner (1964). 

Besides chemical extractions and biological methods, soil total N (Nt) 

concentration and the total carbon (Ct) to organic N ratio have been used as indicators of 

N mineralization potential with mixed results (Bengtsson et al., 2003, Franzluebbers et al., 

1994, Selles et al., 1999). Also, Nt concentration in the coarse fraction (CF) of the soil, as 

obtained by physical fractionation of the soil (Cambardella and Elliott, 1992), was also 

compared previously with N mineralization (Franzluebbers et al., 2000, Schomberg et al., 

2009). 

As previously stated, chemical extraction methods to estimate N mineralization rely 

on measuring a labile N pool that is assumed to be correlated with No. Therefore, any 

management practice that modifies the relative composition of this labile N pool may affect 

the results of a chemical extraction method, leading to an over or under estimation of the 

N mineralization potential. The long-term application of poultry litter (PL) as fertilizer is 

a management practice that can affect the relative composition of organic N compounds in 

the soil (He et al., 2014, Xiao-Tang et al., 2006). Poultry litter is a mixture of excreta, 

feathers, feed, and organic bedding material that is generated at an annual rate of 

approximately 13 million Mg in the United States (National Agricultural Statistics Service, 

2012). Poultry litter is a common source of plant nutrients and organic matter in areas of 
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intensive poultry production. However, there is no information regarding how the long-

term application of PL may affect the capacity of chemical methods to accurately predict 

soil No. 

Previous studies conducted on a sandy loam soil found that long-term application 

of PL can increase the soil N mineralization potential due to the accumulation of Nt (Watts 

et al., 2010). Considering that the accumulation of organic compounds derives mainly from 

the capacity of the soil mineral matrix to protect those compounds against microbial 

decomposition (Six et al., 2002), it is important to evaluate how the long-term application 

of PL affects the accumulation of Nt and, therefore, the N mineralization potential of soils 

with contrasting particle size distribution.  

The objectives of this study were to 1) evaluate the accumulation of Ct and Nt in 

soils with different textures following long-term (>10 yr) fertilization with PL or IF, 2) 

compare the N mineralization potential of soils amended with PL to soils amended with 

inorganic fertilizer (IF), and 3) determine if the relationships between No and mineralizable 

N determined following various chemical extraction methods is similar in soils fertilized 

with PL or IF. 

 

2. MATERIALS AND METHODS 

In the fall of 2012, composite soil samples (0 to 20 cm) were taken from four 

different sites located in Delaware (39°40'13"N 75°45'10"W), Maryland (39°10'42"N 

76°10'58"W), Iowa (42°01'22"N 93°46'35"W) and Georgia (33°24'04"N 83°29'33"W). 

These sites were selected based on their contrasting particle size distribution (Table 2.1). 

At each site, long-term (> 10 yr) effects of PL and IF soil treatments were evaluated. The 
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IF treatments were applied in the form of urea-ammonium nitrate (UAN) or ammonium 

nitrate at a similar plant available N rate as applied with the PL treatments (Table 2.1). The 

experimental arrangement at all sites was a randomized complete block design with four 

replications. Initially, the Delaware and Maryland sites were managed under corn (Zea 

maize L.) monoculture (2000 – 2002) and were later switched to a corn - soybean (Glycine 

max L.) rotation (post 2003), whereas the Iowa site was always managed under a corn - 

soybean rotation. The Georgia site was managed as a tall fescue (Festuca arundinacea 

Schreb.) - bermudagrass (Cynodon dactylon L.) pasture. All sites were managed under 

conventional tillage except from the Georgia pasture which was grazed and sometimes 

hayed. Composite soil samples were taken from each site (in three of four blocks) almost 

one year after the last fertilizer application. Soil samples were air-dried, ground to pass a 

2-mm sieve, and all recognizable plant tissue was removed. 

Soil Ct and Nt concentrations in the soil samples were measured by dry combustion 

(LECO, 2014). To facilitate this analysis, the values for Ct and Nt concentrations (g kg-1) 

were also expressed on an area basis (kg ha-1) using bulk density values previously 

described for these soils (Wyngaard and Cabrera, 2015). Additionally soil samples were 

physically fractionated by wet sieving (53-µm sieve) after shaking overnight with 0.33 mol 

L-1 sodium hexametaphosphate (Cambardella and Elliott, 1992). The fraction that remained 

on top of the sieve was considered the CF. After drying and milling, total Ct and Nt in the 

CF were determined as previously described for non-fractionated samples. 

Four different soil N chemical extraction methods were evaluated. The first method 

evaluated was the hot KCl method proposed by Gianello and Bremner (1986). Briefly, 3 g 

soil was heated in a closed tube with 20 mL of 2 mol L-1 KCl solution in a water bath at 
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100oC for 4 h. After centrifugation, NH4
+-N concentration in the extract was determined 

by the salicylate-hypochlorite method using a rapid flow analyzer (ALPKEM RFA 300-

series) (Crooke and Simpson, 1971). The resulting NH4
+-N concentration in the extract 

was expressed before and after subtracting the initial NH4
+-N concentration (Cold_KCl-N, 

determined in unheated samples), rendering the variables Hot_KCl-N or Hyd_KCl-N, 

respectively. Second, the ISNT method (Khan et al., 2001) was evaluated. To this end, 6.2 

g soil was treated with 10 mL of 2 mol L-1 NaOH and heated on a hot plate at 50oC for 5 h 

in a wide-mouth, 0.9-L Mason jar with a H3BO3-indicator trap. The NH3 collected in the 

trap was then quantified by acidimetric titration. Finally, two distillation methods were 

evaluated. In each of the distillation methods, 5 g of soil was placed in a steam-distiller 

with one of two alkaline extractant: a) 50 mL of a 50 g 100 mL-1 NaOH solution (NaOH-

N) (Sharifi et al., 2007) or b) 50 mL of a pH 11.2 PB solution (PB-N) (Gianello and 

Bremner, 1988). Ammonia in the distillate was trapped in a mixed boric acid and indicator 

solution, which was then titrated with sulfuric acid. 

A long-term aerobic incubation was performed as described by Stanford and Smith 

(1972). To this end, 20 g of soil was mixed with 20 g of 1-mm diameter acid-washed sand; 

the mixture was transferred to a 60-mL polypropylene syringe with glass wool at the 

bottom. The soil-sand mixture was moistened with deionized water to a water content of 

80% of field capacity (estimated as the water content in mixed soil-sand samples after 

saturating them and letting them drain for two days) and then leached with 200 mL of 0.01 

mol L-1 CaCl2 in 5-mL increments to remove the initial NH4
+ and NO3

-. The water content 

was then adjusted by removing the excess water by vacuum filtration at 6 kPa. After this, 

the polypropylene syringes were covered with a porous membrane and incubated at 30oC 
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for 24 weeks, adjusting the water content every 3 d. Samples were bi-weekly leached with 

a 0.01 mol L-1 CaCl2 solution. Concentrations of NO2
--N and NO3

--N in the leachate were 

determined together by the Griess-Ilosvay technique (Keeney and Nelson, 1982) and the 

concentration of NH4
+-N was determined by the salicylate-hypochlorite method (Crooke 

and Simpson, 1971). For each soil, three incubation replications were performed. For 

estimating No, data were fit to a first-order model: Nm = No x (1-e-kt), where Nm is the 

cumulative amount of N mineralized (NH4
+ + NO2

- + NO3
-) at a specific time (t, d), and k 

(d-1) is the first-order rate constant.  

Additionally, a short-term anaerobic incubation in waterlogged (anoxic) conditions 

was evaluated as a method to estimate No (Waring and Bremner, 1964). This method 

consisted of incubating 10 g soil in a stoppered tube filled with water for 7 days at 40oC. 

After the incubation period, the N in resulting slurry was extracted with 30 mL of a 4 mol 

L-1 KCl solution and steam-distillated as described previously. The ammonia in the 

distillate was trapped in a mixed boric acid and indicator solution, which was then titrated 

with sulfuric acid. Mineralized N was then determined by subtracting the initial NH4
+ 

content in the soil samples from the concentration of NH4
+ determined after the incubation. 

The effects of research site and fertilization treatments over the studied variables 

were evaluated using the SAS PROC GLM procedure (SAS Institute Inc, 2013). The 

normality of distribution was confirmed using the Shapiro and Wilk (1965) procedure, 

while the homogeneity of variances was confirmed using the Levene (1960) test. Effects 

were considered statistically significant at p < 0.05 and means were compared using the 

Tukey-Kramer test. The exponential model to determine No was fit using SAS PROC 

NLIN. To determine the association between soil variables or methods to estimate N 
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mineralization and No, linear, quadratic, exponential, and logarithmic models were 

evaluated, compared, and selected based on their significance and r2 (simple linear model) 

or R2 (non-linear models). Only selected models are presented. A residual sum of squares 

analysis (Milliken and Debruin, 1978) was used to determine if, for each soil, the models 

used to predict No in IF and PL treatments were different from a single, common model 

incorporating both IF and PL treatments. 

 

3. RESULTS 

3.1. C and N as affected by long-term PL or IF fertilization 

The long-term amendment with PL increased soil Ct concentration (relative to IF 

plots) in Iowa and Georgia (+2.2 and +4.5 g kg-1, respectively); no difference was observed 

between treatments in Delaware and Maryland (Table 2.2). We observed a greater 

accumulation of Nt in PL-amended soils compared to soils receiving IF in Maryland (+0.22 

g kg-1), Iowa (+0.38 g kg-1) and Georgia (+0.63 g kg-1). Considering the results on an area 

basis, the accumulation of Ct in PL-amended soils relative to soils receiving IF at the 0-20 

cm depth was -0.2, 0.41, 5.4 and 10.98 Mg ha-1 in Delaware, Maryland, Iowa and Georgia, 

respectively. These values represent -0.5, 1, 11 and 25%, respectively, of the Ct applied as 

PL during the experiment (calculated based on the annual PL application rate and the 

duration of the experiment, Table 2.1). The capacity of the soil to accumulate Ct was 

closely associated with soil clay content: ΔCt (PL - IF, g g-1) = 0.0495 × Clay content (g g-

1) + 0.167 (r2 = 0.94; p = 0.031). 

The accumulation of Nt in the soil was 1, 22, 33 and 60 % of the PL- applied Nt in 

Delaware, Maryland, Iowa and Georgia, respectively. We determined a strong association 
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between Nt and soil texture: ΔNt (PL - IF, g g -1) = 0.4591 × clay content (g g -1) + 0.1131 

(r2 = 0.99; p = 0.005). Also, we observed a significant reduction in the C:N ratio following 

long-term PL application for the Delaware and Iowa only (Table 2.2). 

The Ct and Nt concentrations and the C:N ratio in the CF of the soil were also 

affected by fertilization treatments and the research sites. We determined an interaction 

between sites and treatments for Ct, but not for Nt or the C:N ratio in the CF. Mean Nt 

concentrations in the CF were as follows: Georgia (381.8 mg kg-1) ≥ Iowa (264.5 mg kg-1) 

≥ Maryland (106.7 mg kg-1) = Delaware (101.8 mg kg-1). Also, the Nt concentration in PL-

amended soils (282.6 mg N kg-1) was greater than soils receiving IF (144.8 mg N kg-1) 

across all sites. Regarding the C:N ratio in the coarse fraction, only Delaware soils (33.3) 

had a C:N ratio that was statistically greater than that from the other soils; the C:N ratio 

averaged 21.7, 17.7 and 14.9 for Maryland, Georgia and Iowa, respectively. Also, on 

average, the C:N ratio in the CF was greater in IF-amended soils (25.4) than in PL-amended 

soils (18.5). 

 

3.2. N mineralization measurement in soils amended with IF or PL 

The cumulative amount of N mineralized during a 24-week incubation experiment 

differed among sites and treatments (Figure 2.1). The difference in No concentration 

(calculated by fitting the mineralization data to a first-order model) between PL and IF 

treatments was: 1.8 mg kg-1 for Delaware, 33.6 mg kg-1 for Maryland, 125.7 mg kg-1 for 

Iowa and 233.1 mg kg-1 for Georgia (Table 2.3). However, this difference was only 

significant for soils from Iowa and Georgia. We observed a strong quadratic association 

between No and Ct or Nt (R
2 = 0.96 and 0.95, respectively; p <0.001 in both cases) and an 
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exponential relationship between No and the C:N ratio (R2 = 0.63). A similar association 

between Ct, Nt or C:N ratio and No was observed for the CF of the soil (data not shown). 

 

3.3. N mineralization estimation in soils amended with IF or PL 

The range of soil N concentrations determined using selected chemical extraction 

or biological methods to estimate N mineralization was 2 to 10 mg kg-1 for Hot_KCl-N, 2 

to 6 mg kg-1 for Hyd_KCl-N, 33 to 391 mg mg-1 for ISNT, 88 to 352 mg kg-1 for NaOH-

N, 14 to 62 mg kg-1 for PB-N and 35 and 172 mg N kg-1 for Nan (Table 2.3). The proportion 

of Nt extracted by these methods followed the trend: NaOH-N (11.2 ± 0.5) = ISNT (10.1 ± 

2.9) > Nan (4.9 ± 0.7) > PB-N (2.1 ± 0.4) > Hot_KCl-N (0.25 ± 0.08) = Hyd_KCl-N (0.17 

± 0.04). All of the evaluated methods were capable of detecting differences in soil N pools 

between research sites and fertilizer treatments, with the exception of Hyd_KCl and ISNT, 

which only identified differences in N concentration between sites.  

When analyzing the association between the methods to estimate N mineralization 

and No, all of the chemical methods (Hot_KCl-N, Hyd_KCl-N, NaOH-N and ISNT) except 

for PB-N presented two different models depending on the fertilizer treatment (Figure 2.3). 

In the case of PB-N, even though a significant single model was determined (p = 0.042), 

the association with No was low (r2= 0.55). Contrarily, a strong linear association between 

Nan and No was determined (r2= 0.96). 

 

4. DISCUSSION 

The increase in Ct and Nt concentration in soils following repeated applications of 

PL is thoroughly described in the literature (Adeli et al., 2007, Daigh et al., 2009, He et al., 
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2009, Kingery et al., 1994, Sharpley et al., 1993, Watts et al., 2010). However, these 

previous studies either used one soil in their study or multiple soils with the same textural 

class. The use of soils with contrasting texture in our study allowed for further investigation 

of the interaction between clay content and Ct and Nt accumulation from PL, which was 

not analyzed previously. The strong relationship we observed between Ct and soil clay 

content is likely explained by the greater capacity of soil fines to physically protect the 

organic matter against decomposition through micro-aggregation or formation of intimate 

clay-organic matter associations (Six et al., 2002).  

The greater magnitude of the difference in Ct or Nt between PL- and IF- amended 

soils in the CF than in non-fractionated samples (Table 2.2) supports the idea of the CF 

being having a faster decomposition rate and being more sensitive to changes in 

management practices than the whole soil (Janzen et al., 1998). For example, the Ct and Nt 

concentrations in the CF were 39.6 and 97.2% greater in PL- than in IF-amended soils in 

Georgia, respectively. In contrast, in the whole soil this difference was only 17.0% for Ct 

and 25.4% for Nt. However, even though the difference between treatments was 

numerically greater, the high variability in Ct and Nt measurements in the soil CF 

(coefficient of variation 23.0 and 47.3%, respectively) limited the statistical significance 

of this difference. As a consequence, the determination of Ct and Nt was statistically more 

sensitive to differences between treatments in the whole soil than in the CF. 

The increase in Nt in PL-amended soils translated to an increase in N 

mineralization. Previous studies, working with 10 or more contrasting soil samples have 

determined a similar relationship between Nt and N mineralization (Camargo et al., 2004, 

Schomberg et al., 2009, Sharifi et al., 2007); whereas other studies observed only a weak 
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association (Jalil et al., 1996, Selles et al., 1999, Springob and Kirchmann, 2003).  These 

contradictory results are often explained by considering that not only the quantity of soil N 

is important to determine the mineralization rate, but also the quality of soil N. This is why 

the C:N ratio of the soil was a better predictor of N mineralization than Nt in some cases 

(Springob and Kirchmann, 2003). The weak relationship between the C:N ratio and No in 

our study (R2 = 0.63), as compared to that of Springob and Kirchmann (2003), may be a 

consequence of the narrower range of C:N values of the soils we used in this experiment 

(C:N from 10 to 16 in our study compared to C:N from 10 to 30, respectively). Considering 

that the relative accumulation of Nt from PL was greater than reported for Ct in our study, 

a reduction in the soil C:N ratio was expected in PL-amended plots. However, this 

reduction in C:N ratio was only significant in the soils from Delaware and Iowa (Table 

2.2). 

Other studies quantified N mineralization in PL-amended soils. In a two-year study 

on a fine-sandy loam soil, Kingery et al. (1996) determined a 4.8 mg kg-1 difference in the 

cumulative N mineralized between PL- and IF-amended soils after a 254-d incubation of 0 

to 10 cm samples. In a 90-d study using a closed incubation system, Watts et al. (2010) 

described differences in N mineralized between PL- and IF-amended sandy loam soils 

collected from the top 0 to 5 cm that ranged from 4.1 to 49.4 mg kg-1, depending on the 

tillage system and crop rotation. Our study also confirmed an increase in N mineralization 

in soils amended with PL, but fitting the data to a first-order model in our study allowed 

for the estimation of the long-term effect of PL on No, which is a novel aspect of our work. 

As the determination of No concentration is considered the standard to describe N 

mineralization potential (Schomberg et al., 2009), its calculation in our study allowed the 
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development of relationships between No and values obtained using different N 

mineralization methods. 

Among the chemical methods to estimate N mineralization, Hot_KCl-N and 

Hyd_KCl-N values (Table 2.3) were in the range of those determined by Schomberg et al. 

(2009), Sharifi et al. (2007) and Curtin and Wen (1999), but were lower than those 

determined by Jalil et al. (1996) and Wang et al. (2001). All of these studies worked with 

more than 19 contrasting soil samples from different sites, with different properties and 

management history. Therefore, it is difficult to identify the reason of these contrasting 

results among the previous experiments. 

The values we reported for ISNT (Table 2.3) were within the range of those 

determined by Khan et al. (2001) for a wide range of sites with contrasting soil texture, 

cropping and tillage systems. Similarly, the proportion of Nt extracted by the two 

distillation methods agreed with the findings of Sharifi et al. (2007), who determined an 

extraction percentage of Nt ranging from 12 to 21% using NaOH and from 2 to 9% using 

PB, on 153 contrasting soil samples from agricultural sites in Canada and United States. 

The greater N extraction capacity of NaOH over PB is explained by the higher pH of the 

former. Finally, the Nan values we reported were similar to those obtained by Schomberg 

et al. (2009), with exception of the Georgia soils, which exhibited greater Nan and No 

concentrations. Schomberg et al. (2009) evaluated 11 soils, but only one under a pasture 

system (Nan: 115.7 mg kg-1) similar to the pasture system in Georgia (Nan: 126 and 172 mg 

kg-1 in IF- and PL- amended soils, respectively). The greater values for Nan in our study 

may result from the combination of the pasture system and the PL fertilization treatment. 
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The correlation between all methods to estimate N mineralization and No was 

significant (p < 0.05) (Figure 2.3). However, the models to describe the association 

between the evaluated chemical methods and No were different depending on the fertilizer 

treatment, except with PB-N (which presented a weak correlation with No). The PL-

amended soil presented greater values of No at same values of several chemical estimators. 

For example, for a ISNT value of 375 mg kg-1, the No value estimated using the IF model 

was 244 mg kg-1, whereas it was 450 mg kg-1 for the PL model. Consequently, the use of 

chemical extractions models to estimate N mineralization calibrated in soils with a mineral 

fertilization history can result in the underestimation of the real mineralization potential 

when used in organically-amended soils. 

This difference in No concentration but not in the N extracted by several chemical 

extractions for PL-amended soils can be explained by the change in soil labile organic N 

pools caused by repeated PL applications. Long-term PL fertilization increases total 

hydrolyzable N, acid-insoluble N, amino-acid N and hydrolyzable unknown N, but it does 

not modify amino-sugar N concentration (Xiao-Tang et al., 2006). The use of NaOH 

extractants, as in NaOH-N and ISNT, hydrolyses mostly amino-sugars, together with some 

amides and amino-acids (Stanford, 1978). Similarly, the use of KCl extractions at boiling 

temperature hydrolyses only eight known compounds; three of those compounds are 

amino-sugars (Gianello and Bremner, 1986). Consequently, these chemical extractions rely 

on estimating N mineralization based on quantifying labile N compounds (amino-sugars), 

which are not the N compounds that accumulated in PL-amended soil (Xiao-Tang et al., 

2006). 
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In contrast to all chemical extraction methods, which only account for a specific 

fraction of the organic N, Nan is a biological method that quantifies the actual amount of N 

mineralized under specific conditions. The anaerobic biological method to estimate N 

mineralization (Nan) presented was strongly associated with soil No (Figure 2.3), and this 

relationship was not affected by fertilization treatments. Wang et al. (2001) compared a 

short-term incubation under waterlogged conditions to chemical extraction methods and 

determined that chemical methods were ineffective at extracting biologically labile organic 

N. 

 

5. CONCLUSION 

Due to its simplicity, biological basis, and capacity to predict No we recommend 

the use of Nan as an estimator of N mineralization potential. This index can be used to 

evaluate soil health or the effect of different management practices on N cycling 

(Dominguez et al., 2009), or to determine adequate N fertilizer rates for crop production 

(Reussi Calvo et al., 2013; Sainz Rozas et al., 2008). Additionally, the results of this study 

demonstrate that, contrasting to chemical extractions, the estimation of No by Nan is not 

modified by the long-term use of an organic fertilizer. Considering the increase in surface 

under organic farming in the past decade (Willer and Lernoud, 2015), the use of chemical 

extractions by soil testing laboratories can lead to an underestimation of the soil N 

mineralization potential when these methods are calibrated in inorganically amended soils. 

This underestimation could result in an over-application of N fertilizers, increasing the 

economic and environmental cost of crops production. The use of Nan by soil testing 
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laboratories is a reliable alternative to estimate soil N mineralization capacity 

independently of the field’s fertilization history. 
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Figure 2.1. Cumulative amount of N mineralized in four soils that were fertilized with 

poultry litter (PL) or inorganic fertilizer (IF) for more than 10 years and were incubated at 

30±1 °C for 24 weeks. Vertical bars represent the standard deviation among replications.  
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Figure 2.2. Association between total carbon (Ct), total N (Nt) or C:N ratio in the whole 

soil and the coarse fraction (>53 µm) and the potentially mineralizable nitrogen (No) 

determined by long-term incubation (24 weeks) in four soils that had been fertilized with 

poultry litter (PL) or inorganic fertilizer (IF) for more than 10 years.  
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Figure 2.3. Association between different methods to estimate N mineralization and the 

potentially mineralizable nitrogen (No) determined by long-term incubation (24 weeks) in 

four soils that had been fertilized with poultry litter (PL) or inorganic fertilizer (IF) for 

more than 10 years. Each point represents the average of three replications. Abbreviations: 

Hot_KCl-N: NH4
+-N extracted with 100oC 2M KCl; Hyd_KCl-N: hydrolysable N; ISNT: 

Illinois Soil Test Analysis; NaOH-N: NH4
+-N extracted by distillation with NaOH (50%); 

PB-N: NH4
+-N extracted by distillation with phosphate-borate buffer (pH=11.2); Nan: 

NH4
+-N measured after 7 days of incubations under waterlogged conditions.  
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CHAPTER 3 

MEASURING AND ESTIMATING SULFUR MINERALIZATION POTENTIAL IN 

SOILS AMENDED WITH POULTRY LITTER OR INORGANIC FERTILIZER1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

____________________  
1Wyngaard, N., M.L. Cabrera. 2015. Biol. Fert. Soils 51:545-552. Reprinted here with permission 

of publisher.  
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ABSTRACT 

The effect of long-term (more than 10 years) application of poultry litter (PL) or 

inorganic fertilizer (IF) on sulfur (S) mineralization potential (So) was evaluated using four 

different soils (Delaware 1, Delaware 2, Iowa and Georgia). Also, different methods to 

estimate S availability (extraction with KCl, NaHCO3 and KCl after a wetting-drying cycle, 

aerobic incubations for 7 and 14 days, and NH4
+ quantification after an anaerobic 

incubation) were compared to So. When compared to long-term application of IF, long 

term-application of PL generated an increase in total soil S ranging from 0 to 0.14 g kg-1, 

which was positively associated with the soil clay content (R2=0.98), and resulted in an 

increase in So ranging from 0 to 21.2 g kg-1. From the evaluated methods to estimate So 

only three of them were significantly (p<0.05) correlated to So: aerobic incubation for 7 

days (r=0.85), extraction with NaHCO3 (r=0.85), and nitrogen anaerobic incubation 

(r=0.99). Based on the reduced time and labor involved and in their capacity to distinguish 

between treatments, we recommend further use and further evaluation of the last two 

methods as estimators of So. 

 

1. INTRODUCTION 

Sulfur (S) is an essential element for plant growth that increasingly limits crops 

production in several regions of the world. One of the main reasons for the increased 

frequency of S deficiencies is the depletion of soil organic matter (Tisdale et al. 1986), 

which contains more than 90% of the total S in soil (Zhou et al. 1999). This organic S can 

be converted to SO4
2- through the process of mineralization, either via biochemical 

(hydrolysis of sulfate esters by sulfatase enzymes) or biological processes (release of S 
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bonded to carbon by microorganisms) (McGill and Cole 1981). Due to the significant 

contribution of S mineralization to plant S uptake (Eriksen et al. 1995), this process must 

be accounted for in order to accurately predict plant-available S during the growing season 

of crops. 

Another reason for the increased frequency of S deficiencies is the increased use of 

inorganic fertilizers (IF) with reduced S content (Tisdale et al. 1986). In contrast, the long-

term use of organic fertilizers can increase the organic S pool of the soil (Eriksen and 

Mortensen 1999; Knights et al. 2001), leading to an increase in the S mineralization 

potential (Knights et al. 2001; Reddy et al. 2001). Among the organic fertilizers, poultry 

litter (PL) (a mixture of excreta, organic bedding material and feed) is highly important in 

the United States where almost 8.6 billion broilers (Gallus gallus domesticus) are produced 

annually (National Agricultural Statistics Service 2012) with the generation of about 13 

million Mg of poultry litter. Despite the significant use of PL as an organic amendment in 

the United States,, there is no information regarding the accumulation of S in soil and the 

change in S mineralization potential after its long-term application (˃10 years). 

Several methods have been proposed to estimate the labile S fraction that is plant 

available throughout the season. Some of these methods are based on the treatment of a 

soil sample with an extractant as KCl (Blair et al. 1991), NaHCO3 (Kilmer and Nearpass 

1960), or NaCl after a wetting-drying cycle (Williams and Steinbergs 1959). Other 

methods are based in the incubation of soil samples under aerobic conditions. The use of 

closed incubation systems is not valid for long periods of time, as the accumulation of 

sulfate inhibits the mineralization process (Maynard et al. 1983). However, the use of long-

term incubations (24 weeks) in open systems, where soils are leached of SO4
2- periodically 
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during the incubation, has been extensively used (Ghani et al. 1991; Maynard et al. 1983; 

Reddy et al. 2001; Tanikawa et al. 2014) and it is considered the standard method to 

estimate S mineralization potential. Even though the use of chemical extractants has been 

compared to plant S uptake, no comparison has been ever made between these methods 

and long-term aerobic incubations. 

It must also be considered that S mineralization is closely associated with nitrogen 

(N) mineralization, as both nutrients are present in the organic pool of most soils (Kellogg 

et al. 2006; Zhou et al. 1999). Because of this, it has been suggested that the methods to 

estimate N mineralization can potentially be used to estimate S mineralization 

(Gharmakher et al. 2009). Among the N methods, the 7-days anaerobic incubation 

described by Waring and Bremner (1964) (Nan) has been widely used to determine the 

effect of management practices over N mineralization and to improve N diagnosis in crops 

(Reussi Calvo et al. 2013; Sainz Rozas et al. 2008; Schomberg et al. 2009). However, this 

index has not been evaluated as an indicator of S mineralization. 

The particle-size separation of soil samples is also frequently used to distinguish 

fractions with different turnover rates (Christensen 1992). The determination of S in these 

fractions has been previously used to compare between soils (Kirkby et al. 2011) and soil 

management practices (Galantini and Rosell 1997). A specific type of soil fractioning is 

the one proposed by Cambardella and Elliott (1992), which distinguishes between the 

particulate fraction (PF, ˃ 53 μm) and the fraction associated with minerals (AF, < 53 μm), 

PF being more dynamic and sensitive to changes in management practices (Janzen et al. 

1998). This is why the content of N in PF has been evaluated as an estimator of N 
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mineralization potential (Schomberg et al. 2009). However, the use of S in PF (S-PF) has 

never been evaluated as an estimator of S mineralization. 

Given the lack of information on S accumulation and mineralization potential in 

soils receiving PL, as well as the limited data available on methods to estimate S 

mineralization potential, the objectives of this study were to: 1) determine the long-term 

(>10 years) effect of fertilizer treatment (PL or IF) on S content and S mineralization 

potential of four soils, and 2) evaluate several methods to estimate S mineralization 

potential in soil.  

 

2. MATERIALS AND METHODS 

In the Fall of 2012, composite soil samples (0 to 20 cm) were collected from long-

term research plots at four different locations in the states of Delaware, Iowa, and Georgia 

(USA). These locations, identified as Delaware 1, Delaware 2, Iowa and Georgia, were 

chosen based on their contrasting soil properties and on the presence of plots with the 

fertilization treatments of interest for this study. Some selected soil properties and 

management practices in each site are described in Table 3.1. In every location, two 

different fertilization treatments were sampled (PL and IF). The IF treatments received the 

same rate of N as PL, but in the form of urea-ammonium nitrate (UAN) or ammonium 

nitrate; however, these treatments did not receive any S input. The S content in the applied 

PL was considered to be 1.6 g kg-1 as described by Tabatabai and Chae (1991). The 

collected samples were air dried and ground to pass through a 2 mm-sieve, and all 

recognizable crop residues were removed.  
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Total S (St) in the samples was determined by wet digestion with HNO3 and HClO4 

(Zhao et al. 1994) followed by quantification using inductively coupled plasma emission 

spectrometry (ICP-AES) (Thermo Fisher 61E). Sulfate concentration (Si) was determined 

by ion chromatography (IC) (Met Rohm IC 820 separation system, 819 conductivity 

detector with carbonate and cation suppression) after the extraction of soil samples with 

0.01 M NH4Cl at a 10:1 soil:solution ratio (Maynard et al. 1987). This extractant was used 

instead of the usual 0.01M Ca(H2PO4)2 because the high concentration of orthophosphate 

ions interfered with the IC quantification of sulfate. Organic S content (Sorg) was calculated 

as the difference between St and Si. Additionally, total carbon (Ct) was measured by dry 

combustion using a TruSpec CN analyzer (LECO Corporation, St. Joseph, MI). 

In order to quantify S-PF, soil samples were dispersed with 2 N sodium 

hexametaphosphate and sieved through a 53-μm sieve. The slurry that passed through this 

sieve was then dried and considered as AF, where total S was quantified by ICP-AES. The 

difference between St and S-AF was considered to be S-PF, which is the S content in the 

fraction that remained on top of the sieve (Cambardella and Elliott 1992). 

Three chemical methods to estimate S availability by crops were evaluated. The 

first one was the extraction of soil with 0.25 M KCl at 40 oC for 3 hours, followed by 

filtration and St quantification in the extract by ICP-AES (Blair et al. 1991) (KCl method). 

Secondly, the method proposed by Williams and Steinbergs (1959) was utilized. This 

technique consists in rewetting of samples, which are then dried in a boiling water bath, 

placed in an oven at 102 oC for one hour and extracted with 0.1% NaCl before the 

quantification of St in the extract by ICP-AES (Heat method). The third method was the 

extraction of the soil samples with 0.3 M NaHCO3 and subsequent measurement of St 
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(Kilmer and Nearpass 1960) (NaHCO3 method). The KCl, Heat, and NaHCO3 methods 

were evaluated with and without subtracting the initial Si present in the samples, and three 

laboratory replications per sample were performed. 

Additionally, two short-term destructive incubations were evaluated. To this end, 

10 g of soil was thoroughly mixed with 20 g of 1-mm acid-washed sand and transferred to 

a 50-ml plastic container. After this, the soil was moistened to achieve a water content 

equivalent to 80% of field capacity (Maynard et al. 1983), covered with a porous plastic 

film, and incubated at 30 oC. The samples were weighed every three days to correct for 

water content. Six replications were used, with three of them used to measure sulfate 

content as previously described after seven days of incubation (7d method) and the other 

three used to measure sulfate content after 14 days (14d method). The initial value of Si 

was subtracted from the value determined at the end of the incubation period. The short-

term N anaerobic incubation (Nan) was performed by quantifying the amount of NH4
+ 

released after the incubation of 10 g of soil samples saturated with water at 40 oC for 7 days 

(Waring and Bremner 1964). 

The long-term aerobic incubation was executed following the procedure described 

by Stanford and Smith (1972) as modified by Pirela and Tabatabai (1988). In detail, 20 g 

of soil was mixed with the same amount of 1-mm acid-washed sand and transferred to a 

60-ml Monoject® polypropylene syringe with glass wool at the bottom. The soil-sand 

mixture was moistened to a water content of 80% of field capacity and then leached with 

200 ml of 0.01 M CaCl2 in 5-ml increments to remove the initial sulfate. The excess water 

was removed by vacuum filtration at 6 kPa. After this, the samples were covered with a 

porous membrane and incubated at 30±1 oC for 24 weeks, gravimetrically correcting the 
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water content every three days. Samples were leached every two weeks with 0.01 M CaCl2 

and sulfate concentration was measured in the leachate by IC. Three replicates were carried 

out for each soil. For estimating the potentially mineralizable S (So), data were fit to a first-

order model: Sm=So [1-exp(-kt)], where Sm is the cumulative amount of S mineralized at a 

specific time (t) and k is the first-order rate constant. 

 The effect of soil type and fertilization treatments on the analyzed variables was 

evaluated using the SAS PROC MIXED procedure (SAS Institute Inc 2013). Effects were 

considered statistically significant at p < 0.05, and means were compared using Tukey-

Kramer test. The exponential model for S mineralization was fit using SAS PROC NLIN. 

The correlation between variables of interest was determined using the SAS PROC CORR 

procedure (SAS Institute Inc 2013). 

 

3. RESULTS AND DISCUSION 

3.1. S mineralization in soils amended with PL or IF 

The St content was closely associated with Sorg , which represented an average of 

97.5% of the total S content. Both St and Sorg varied among soils and were modified by 

fertilization treatments (Table 3.2). Soils from Iowa and Georgia, with a greater clay 

content, more years under treatment, and a greater S input, showed a greater accumulation 

of St in PL plots relative to IF: 0.14 g kg-1 (61%) and 0.08 g kg-1 (27%), respectively. On 

the other hand, the soils from Delaware showed no increase in Delaware 1 but a small 

increment of 0.03 g kg-1 (17%) in Delaware 2. The accumulation of St was associated with 

that observed for Ct (Table 3.2) in Delaware 1 (0 g Ct kg-1), Delaware 2 (1.7 g Ct kg-1) and 

Iowa (2.3 g Ct kg-1). However, Georgia showed a greater Ct accumulation (4.5 g Ct kg-1) 
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than the one observed in Iowa, which does not follow the same trend observed for St. It has 

been previously observed that even though C content is linearly related to St content, the 

relationship is weaker than the one commonly found between C and N (Gharmakher et al. 

2009). Therefore, an increase in Ct content does not necessarily imply a similar increment 

in St (Eriksen and Mortensen 1999). 

In order to generate a basic S balance in PL plots, St concentration must be 

converted from g kg-1 to kg ha-1 using the soil bulk density. However, information about 

this variable was not available. To obtain an approximation of bulk density, the 

computation described by Rawls (1983), which uses particle size distribution and organic 

matter content as predicting variables, was performed. The estimated bulk densities were 

1.45, 1.15, 1.22 and 1.22 g cm3 for Delaware 1, Delaware 2, Iowa and Georgia, 

respectively. This led to a difference in St content between PL and IF plots of 0, 69, 340 

and 195 kg ha-1 respectively, which represents an accumulation of 0, 40, 89 and 98% of 

the S applied as PL. The capacity of the soil to accumulate S was closely associated with 

the clay content (Figure 3.1). The reason for this relationship is the larger organic matter 

protection capacity of soils with a greater clay content (Ladd et al.; Six et al. 2002). The 

effect of texture on St is clear in the Delaware soils, where the management practices and 

climate were similar. However, it should be considered that other factors may have affected 

the accumulation of S in the other sites where climate and management practices were 

different. For example, the different crops used in each one of the sites can generate a 

different input of plant residues, which in turn would affect the Sorg input. Consequently, 

the high St content in Georgia may not be only a consequence of the soil texture, but also 

of the high volume of residues returned to the soil by the established pasture. 
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Regarding S content in the PF of the soil, the differences between fertilization 

treatments were only observed in soils from Iowa and Georgia (Table 3.2). The overall 

value of S-PF in the evaluated soils was similar to the one observed by Kirkby et al. (2011) 

in the light fraction of the soil, which is equivalent to PF but involves a different 

fractionation method. These authors determined an average value for S in the light fraction 

of 0.012 mg kg-1 in long-term cropped plots and 0.022 mg kg-1 in a pasture, while in the 

present study these values were 0.012 mg kg-1 and 0.026 mg kg-1 (pasture in Georgia), 

respectively, in soils not amended with PL. A high variability between replications was 

also determined. Those samples with a St content below 0.23 g kg-1 presented an average 

variation coefficient of 246%, whereas those samples above this value averaged only 15% 

(data not shown). It should be kept in mind that three steps are required to estimate S-PF, 

involving the fractioning of the soil together with the measurement of S in two fractions 

(Total and AF). Therefore, the final result accumulates the error of these three steps, and 

the weight of this error is greater in samples with a low St content. Some replications from 

soils with low St even showed negative values of S-PF, which is irrational and proves that 

the variability of the method can be greater than the actual value of S-PF. Even though the 

association between S-PF and mineralization (Table 3.3) was significant, we do not 

recommend the use of this technique as an estimator of So, based on its high variability and 

complexity. 

The potentially mineralizable S pool (So) varied between 13.8 and 71.3 mg kg-1 

which is within the values previously reported by Pirela and Tabatabai (1988) (Table 3.2). 

Also, So represented from 9.4 to 17.1% of St. This is in line with the findings of Tanikawa 

et al. (2014), who determined that after 280 days of incubation at 35 oC the evaluated soils 
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mineralized between 7.1 and 15.8% of the initial S. Also, Pirela and Tabatabai (1988) 

determined that between 2.4 and 17.5% of St was mineralized when soil samples were 

incubated  at 30 oC for 98 days. The response of So to PL application varied between sites 

(Table 3.2, Figure 3.2). There was no difference in So between PL and IF in Delaware 1, 

whereas in Delaware 2, Iowa, and Georgia this difference was 3.6, 16.8 and 21.2 mg kg-1, 

respectively. Previous research has determined that the long-term application of organic 

amendments has the capacity to increase the soil S mineralization potential (Eriksen and 

Mortensen 1999; Knights et al. 2001). However, these authors used cattle manure instead 

of PL. The present study proves that even though PL has a greater mineralization rate 

relative to other organic waste materials derived from hog, horses, and cows (Tabatabai 

and Chae 1991), there is still an annual accumulation of Sorg in the soil, which leads to an 

increase in its S mineralization potential. But this accumulation, as the pattern of S 

mineralization from organic wastes, is highly dependent not only on the type of amendment 

but also on the characteristics of the soil where it is applied. 

The sulfur mineralization potential (So) was positively correlated to St, Sorg, S-PF 

and Ct, but not to Si or the C:S ratio (Table 3.3). Riffaldi et al. (2006) also described a high 

correlation between So and Sorg or Ct. This seems logical as the size of the mineralizable S 

pool increases with Sorg, which is closely associated to Ct in the organic matter. However, 

other authors did not find a significant relationship between these variables (Pirela and 

Tabatabai 1988; Tabatabai and Al-Khafaji 1980). 

The first-order rate constant k ranged between 0.025 and 0.075 week-1, and was affected 

by the soil type and fertilization treatment, with no interaction between them (Table 3.2). 

The Georgia soil showed an average k value 50% smaller than the others soils, but the PL 
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treatment presented k values 27% greater than IF. There was no relationship between k and 

St, Sorg, S-PF, Ct, Si or C:S ratio (Table 3.3), which is in agreement with previous findings 

from Riffaldi et al. (2006). There was also no correlation between So and k, indicating that 

the differences observed in k values were not derived from the size of the mineralizable S 

pool. In summary, PL application increased the Sorg pool consequently increasing So, and 

also increasing the rate of mineralization k. However, the increase in k could not be 

explained based on the measured soil properties. 

 

3.2. Evaluation of methods to estimate S mineralization potential in soil 

The results of different methods to estimate S mineralization and availability are 

presented in Table 3.5. The only chemical method that was significantly associated with 

So was NaHCO3 (r=0.85) and this association was not improved by subtracting the initial 

Si content. The values of S extracted by NaHCO3 ranged between 8.8 and 51.2 mg kg-1, 

and were similar to the ones estimated by Kilmer and Nearpass (1960) in Delaware and 

Iowa soils. However, the soil from Georgia exceeded these values. Even though the forms 

of S extracted by this method are unknown, between 10 to 46% of the extracted S was 

present as Si. On the other hand, the Heat and KCl methods, which have been previously 

associated with plant S uptake, were not correlated with So; although they were strongly 

associated with each other (Table 3.5). This indicates that the S fraction quantified by both 

extractions is probably the same, but is not associated with the S pool mineralized in long-

term aerobic incubations. 

Regarding the incubation methods, both 7d and 14d were correlated with So (r=0.85 

and 0.70 respectively, Table 3.5). On average, 70% of the mineralized S in 14 days was 
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released during the first week of incubation. This can be explained by the greater rate of S 

mineralization in this period (Figure 3.2), and also by the fact that in closed incubation 

systems the mineralization process is limited by the accumulation of sulfate, which 

represses the activity of the arylsulfatase enzyme (Maynard et al. 1983). As 7d and 14d had 

a similar performance as predictors of So, the first one is recommended due to its reduced 

incubation time. However, it must be noticed that even though 7d was correlated to So, the 

high coefficient of variation, which averaged 37% between replications (data not shown), 

did not allow to make a clear distinction between soils and treatments (Table 3.4). 

Therefore, even though 7d followed the same trends observed in So, differences in 7d were 

not always statistically significant. This high variability was mostly observed in the 

Delaware soils, where the concentration of Si released in a week was low and close to the 

detection limit of the IC. 

Finally, the method to estimate N mineralization (Nan) was closely related to So, 

with a Pearson correlation coefficient of 0.99. The values of Nan ranged between 41 and 

172 mg kg-1, and those in Georgia soils were greater than the ones observed by Schomberg 

et al. (2009) in a wide range of soils. It should be pointed out, however, that Schomberg et 

al. (2009) evaluated soils under continuous cropping, whereas our soil from Georgia was 

under a pasture system. The variability in Nan between replicates was low, with an average 

coefficient of variation of 3.7% (data not shown), and the observed differences between 

soils and treatments were the same as the ones determined for So. The close relationship 

between N and S mineralization has been previously described (Gharmakher et al. 2009; 

Tabatabai and Al-Khafaji 1980). However, the results from the present study demonstrate 

that a method used to estimate N mineralization can also be used in estimating S 
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mineralization. Also, Nan was related to NaHCO3 and 7d, which are the other methods that 

were significantly correlated to So. This indicates that the labile fractions mineralized 

during 7 days in aerobic or waterlogged conditions are the same or strongly related to the 

ones chemically extracted by NaHCO3. 

Based on the observed relationship between So and different chemical extractions 

and incubations, only three of the evaluated methods can be recommended to predict So: 

NaHCO3, 7d and Nan. However, 7d takes the same amount of time as Nan to be performed 

but is more labor consuming. Moreover, 7d requires the measurement of Si before and after 

the incubation, which not only adds to the total economic cost of the technique but increases 

the variability between replications, reducing the capability of the method to statistically 

distinguish between soils and treatments. On the other hand, NaHCO3 involves only one 

measurement and can be performed in one day, as no incubation is required. Finally, 

although the use of Nan requires an incubation of 7 days, the close relationship to So makes 

it feasible to use this method to simultaneously estimate N and S mineralization, which 

represents an advantage for soil testing laboratories. Further studies should be performed 

to relate Nan not only to So, but to S uptake by crops under field conditions. 

 

4. CONCLUSIONS 

Our results provided previously unavailable information regarding the long-term 

effect of fertilizer treatment (PL or IF) on the S mineralization potential of four soils. The 

effect of long-term PL application on St and Sorg was closely associated with the 

accumulation of Ct and with the clay content of the soil. The increase in Sorg observed in 

PL plots with a clay content greater than 20% resulted in an increase in So and k. We also 
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evaluated seven methods that had not been previously used to estimate the S mineralization 

potential of soil (NaHCO3, Heat, KCl, short-term incubations, Nan and S-PF). Our results 

showed that NaHCO3, 7d and Nan were well correlated to So. However, based on their 

reduced time and labor involved, and on their capability to distinguish between treatments, 

we recommend the use and further evaluation of NaHCO3 and Nan for estimating the S 

mineralization potential of soils. 
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Table 3.3. Pearson correlation coefficients and significance between parameters for the 

first-order S mineralization model (So and k) and total, inorganic and organic S (ST, Si and 

Sorg respectively), S in the particulate fraction (S-PF) and C:S ratio. 

 

  St Si Sorg Ct C:S k S-PF 

Si 0.71*             

Sorg 0.99*** 0.68           

Ct 0.92** 0.50 0.94**         

C:S -0.40 -0.45 -0.35 -0.04       

k -0.23 0.41 -0.27 -0.48 -0.32     

S-PF 0.83* 0.64 0.82* 0.71* -0.35 -0.17   

So 0.86** 0.34 0.87** 0.86** -0.26 -0.58 0.84** 

 

 

*** Significant at p<0.0001; ** p<0.01; * <0.05 
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Figure 3.1. Percentage of St accumulated in soils amended with poultry litter (PL) relative 

to S input from PL as a function of soil clay content after more than ten years of yearly 

application 
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Figure 3.2. Cumulative amount of S mineralized in four soils that had been treated with 

poultry litter (PL) or inorganic fertilizer (IF) for more than ten years and were incubated at 

30±1 oC for 24 weeks . Vertical bars represent the standard deviation among replications 
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CHAPTER 4 

PHOSPHORUS IN THE COARSE SOIL FRACTION IS RELATED TO SOIL 

ORGANIC PHOSPHORUS MINERALIZATION MEASURED BY ISOTOPIC 

DILUTION  
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1Wyngaard, N., M.L. Cabrera, K.A. Jarosh, E.K. Bunemann. Submitted to the journal Soil 

Biology and Biochemistry. 07/13/2015.  
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ABSTRACT 

A sound prediction of soil organic phosphorus (Po) mineralization would be helpful 

to improve fertilizer recommendations. However, the only method to measure basal Po 

mineralization is based on expensive and time consuming isotopic dilution experiments. A 

proposed method to estimate Po mineralization is the quantification of P in the coarse 

fraction (CF, >53 µm) of the soil. The aim of this study was to evaluate if P in the CF can 

effectively predict Po mineralization. Soil samples from three North American long-term 

arable field experiments (>10 years) with different textures (sand content 15 to 82%) and 

different fertilization treatments (non-P-fertilized, mineral P fertilizer, poultry litter) were 

analyzed. Soil samples were physically fractioned into CF and fine fraction (FF, <53 µm). 

Total P (Pt), Po, and total carbon (Ct) were determined in each fraction. Gross and net Po 

mineralization rates as well as soil respiration were determined in a 13-day-incubation 

experiment. The cumulative gross Po mineralization over 13 days ranged from 7.3 to 38.6 

mg P kg-1, while Pt in CF varied between 9.7 and 90.7 mg P kg-1 and Po in CF between 7.2 

and 17.7 mg kg-1. Mineralization of Po followed the general trend: poultry litter ≥ mineral 

fertilizer > non-P-fertilized. No association between Pt in CF and mineralized Po was 

observed. However, a significant linear relationship between Po in CF and net mineralized 

Po was observed after 6 days (R2: 0.80, p=0.001) and a quadratic one after 13 days of 

incubation (R2: 0.92, p<0.001). Additionally, gross and net mineralized Po could also be 

predicted from C respiration, and these models were significantly improved by 

incorporating the Ct:Po ratio of the CF. Our results suggest that the quantification of Po in 

the CF is a promising non-isotopic alternative to estimate basal Po mineralization. 
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1. INTRODUCTION 

Phosphorus (P) is a macronutrient involved in the energy metabolism and in the 

synthesis of cellular structures of plants (Raghothama et al., 2005). Consequently, the 

availability of P controls the growth and development of all crops. It is estimated that 5,700 

million hectares of soils worldwide do not have the adequate available P content required 

to achieve optimum crop production (Batjes, 1997). To alleviate this deficiency, usually 

mineral P fertilizers are used at rates based on availability tests such as those developed by 

Bray and Kurtz (1945), Mehlich (1984) and Olsen et al. (1954). However, all of these soil 

P tests consider only the available inorganic P pool, without taking into account organic P 

(Po) which can represent up to 80% of total P (Pt) (Harrison, 1987) and can become plant 

available through the process of mineralization. Therefore, the measurement or estimation 

of Po mineralization rates is highly important to improve P fertilizer recommendations. 

The quantification of Po mineralization is complicated by the high reactivity of 

phosphate ions, which are rapidly adsorbed by the soil mineral matrix after being released 

from the organic pool to the soil solution. This reactivity makes it impossible to quantify 

Po mineralization by incubation-extraction methods as the ones used to measure net 

mineralization rates of other nutrients such as nitrogen (N) and sulfur (S). Currently, the 

only method to quantify Po mineralization is based on isotopic dilution experiments under 

steady-state conditions, rendering basal gross and net Po mineralization rates (Bünemann, 

2015; Oehl et al., 2001). However, such experiments are expensive and time consuming 

(Bünemann, 2015). Thus, there is a need to develop and evaluate non-isotopic methods to 

estimate the Po mineralization potential of soils. 
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The Pt concentration in the soil fraction > 53 μm has been proposed as an estimator 

of P mineralization (Ciampitti et al., 2011). This fraction has been previously named 

“particulate organic matter” (Cambardella and Elliott, 1992) or “particulate fraction” 

(Wyngaard et al., 2013). Here, we will refer to it as “coarse fraction” (CF), since this 

fraction is not only composed by organic matter or mineral particles, but by both 

components. Ciampitti et al. (2011) showed that the concentration of Pt in the CF (mg Pt-

CF kg-1 soil) is positively related to the P accumulation in corn plants growing in 

unfertilized plots on a Mollisol in Argentina. The amount of plant-available inorganic P 

(Pi) in the CF was negligible in other Mollisol (Wyngaard et al., 2013) and thus cannot 

explain observed differences in plant P uptake. A possible explanation is that the 

mineralization of Po in the CF supplied plant available P during the growing season. As the 

determination of Pt or Po in the CF is simple and economical, it could be a promising tool 

to estimate potential Po mineralization. 

Others have suggested using soil respiration to estimate Po mineralization, 

assuming that all net Po mineralization derives from microbial decomposition of organic 

matter driven by the need of energy (Bünemann et al., 2012; Achat et al., 2010). The 

empirical evidence that Po in CF as well as soil respiration are associated with Po 

mineralization should be validated by comparison with results from isotopic dilution 

experiments. 

In a long-term study on a Mollisol in Argentina, Pt and Po in the CF were modified 

by long-term cultivation but not by the application of inorganic fertilizers (Wyngaard et 

al., 2013). However, it has not been evaluated if these P pools are affected by the use of 

organic P fertilizers. A widely used organic fertilizer in the southeastern states of the United 
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States is the litter derived from the poultry industry (PL, a mixture of excreta, organic 

bedding material, feathers and wasted feed). Different studies using sequential P 

fractionation (Xue et al., 2013), enzyme additions to derive enzyme-labile Po fractions (He 

et al., 2008) or nuclear magnetic resonance spectroscopy (Hill and Cade-Menun, 2009) 

demonstrated that the repeated application of PL generates an accumulation of Po in the 

soil in the form of myo-inositol hexakisphosphate (phytate). It would be important to 

evaluate if PL application also increases Pt and Po in the CF and the soil Po mineralization 

potential measured by isotopic dilution.  

Our objectives were to 1) determine the effects of long-term application of mineral 

P fertilizer or PL on enzyme-labile Po fractions, concentrations of Pt and Po in the CF, and 

gross and net Po mineralization rates measured by isotopic dilution, 2) evaluate the 

potential association between Po mineralization measured by isotopic dilution and enzyme-

labile Po fractions as well as the concentrations of Pt and Po in the CF, and 3) evaluate the 

use of respiration as a predictor of Po mineralization. 

 

2. MATERIALS AND METHODS 

2.1. Field experiments and soil sampling 

Composite soil samples were collected from three long-term agricultural field 

experiments in the United States in August 2014 at 0 to 20 cm depth. These sites were 

located in Delaware (39°40'13"N 75°45'10"W, on a Hapludult, Woodstown series, 

according to the Natural Resources Conservation Service (1999)), Maryland (39°10'42"N 

76°10'58"W, Hapludult, Mattapex series) and Iowa (42°01'22"N 93°46'35"W, Hapludoll, 

Nicollet/Webster series). These soils were classified by their particle size distribution as 
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sandy loam (14.5 % clay and 82.0 % sand), silt loam (21.8 % clay and 16.1 % sand) and 

clay loam (29.2 % clay and 42.0 % sand), respectively.  

The experimental design in these long-term experiments was a complete 

randomized plot arrangement with six replications in Delaware and Maryland (55 m2 per 

plot), and four replications in Iowa (400 m2 per plot). In Delaware and Maryland, three 

different treatments have been compared since 2000: 1) no P fertilizer application 

(Control), 2) inorganic P fertilizer application (IF) (30 kg P ha-1 year-1, as 0-46-0) and 3) 

PL application (PL) (30 kg P ha-1 year-1). In Iowa, the evaluated treatments were: 1) 

Control, 2) inorganic N fertilization without P (Control+N) (90 kg N ha-1, as 32-0-0), and 

3) PL (90 kg P ha-1 year-1), all maintained since 1998. Since their establishment, Delaware 

and Maryland field trials were managed under corn (Zea mays L.) monoculture while the 

Iowa study was managed under a corn/soybean (Glycine max L.) rotation.  

All soil samples were taken almost one year after the last fertilizer application. 

Separate composite soil samples were collected from three replications in each study to 

obtain three samples for each treatment and site. After sampling, soils were sieved (4 mm), 

mixed, and kept at 4oC for up to 3 months until the laboratory experiments were performed. 

A portion of the soil was air-dried, sieved through a 2-mm sieve and used for soil analysis 

(Section 2.2). Replicates from each soil and treatment combination were analyzed 

separately, except for the isotopic dilution experiment (Section 2.4), for which equal 

portions of all replicates of a given soil and treatment combination were mixed into a 

composite soil sample.  

2.2. Soil analysis 
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Total C (Ct) and N (Nt) concentrations in soil were determined by dry-combustion. 

Soil Po was determined by the ignition method (Saunders and Williams, 1955), Pt by wet 

digestion with H2O2 and H2SO4 (Anderson and Ingram, 1989), and Pi was derived from Pt 

minus Po. Soil pH was measured in a 1:2.5 soil-to-water suspension, and particle size 

distribution was determined by the pipette method (Robinson, 1922). In all soil analyses 

three to four analytical replicates, were performed. 

Additionally, the soil was physically separated into two fractions: the CF and the 

fine fraction (FF) following a modification of the procedure described by Cambardella and 

Elliott (1992). Briefly, 10 g of dry soil sample was shaken overnight with 30 ml of 1 M 

NaCl instead of 0.05 M (NaPO3)6 to avoid the addition of P (Salas et al., 2003). After this, 

the suspension was wet-sieved through a 53-µm sieve. The fraction that remained on top 

of the sieve was designated the CF, while the one that passed through the sieve was called 

the FF. After drying and milling both fractions, the concentrations of Pi, Po, Pt and Ct were 

measured in CF and FF as detailed above. These concentrations were always expressed on 

a whole-soil basis ((mg P or C)/(kg CF or FF) x (kg CF or FF)/kg soil). 

 

2.3. Enzyme addition assay 

To quantify enzyme-labile Po fractions in NaOH-EDTA extracts, the protocol 

described by Keller et al. (2012) was performed. To this end, soil samples were shaken for 

16 h with a 0.25 M NaOH-0.05 M EDTA solution in a 1:10 ratio. After this, filtered aliquots 

of the extract were transferred to a microplate, buffered with a MES buffer (final molarity 

0.2, pH 5.2) and submitted to three separate enzyme treatments: acid phosphatase (from 

Solanum tuberosum, Sigma chemicals, product No. P1146), phytase (from Peniophora 
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lycii, RONOZYME® NP, DSM Nutritional Products, Denmark) and acid phosphatase + 

nuclease (from Penicillium citrinum, Sigma chemicals, product N8630). The samples were 

agitated and incubated for 24 h in the dark at 37oC. Then, the Pi concentration in the 

incubated extracts was quantified colorimetrically in a microplate reader (EL 800, Biotek) 

using malachite green (Ohno and Zibilske, 1991). 

The same procedure was simultaneously repeated on another plate, in which the 

activity of the enzymes was evaluated by their reaction with myo-inositol phosphate (Sigma 

chemicals, product P8810), glycerol phosphate (Sigma chemicals, product G7879) and 

deoxyribonucleic acid (DNA) (Sigma chemicals, product D3159). The P release by the 

enzymes from the model substrates in water averaged 100%, 94% and 98% for acid 

phosphatase, acid phosphatase + nuclease and phytase, respectively. The model substrates 

together with the respective enzymes were also added to the NaOH-EDTA soil extracts in 

MES buffer to verify that the extracts did not affect the enzyme activity. The recovery of a 

10 µg ml-1 orthophosphate solution was used as a correction factor for P sorption or 

precipitation. This recovery averaged 96%, 99% and 100% in the presence of acid 

phosphatase, acid phosphatase + nuclease and phytase, respectively.  

Three enzyme-labile Po pools were calculated: simple monoester-like P (P released 

by phosphatase), DNA-like P (P released by nuclease + phosphatase minus P released by 

phosphatase alone) and phytate-like P (P released by phytase minus P released by 

phosphatase). Also, the non-hydrolysable Po pool was calculated as the difference between 

Po in the NaOH-EDTA extract and the sum of all three enzyme-labile pools. The Po 

concentration was estimated as the difference between Pt (determined by digestion with 
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ammonium persulfate and sulfuric acid in an autoclave) and Pi in the extract, both measured 

colorimetrically (Ohno and Zibilske, 1991). 

 

2.4. Isotopic dilution experiment 

This experiment was performed as described by Oehl et al. (2001), incorporating 

the estimation of microbial P immobilization suggested by Bünemann et al. (2007). The 

protocol consists of two separate and complementary studies: 1) a batch experiment to 

determine the baseline of isotopic dilution caused by physicochemical processes (2.4.1) 

and 2) an incubation experiment with 33P-labeled soils to determine the isotopic dilution 

caused by both biological and physicochemical processes (2.4.2). This second part of the 

experiment was accompanied by the measurement of soil respiration. 

 

2.4.1. Batch experiment: isotopic exchange kinetics (IEK) 

The aim of this part of the experiment was to assess changes in the specific activity 

(SA, i.e. 33P/31P) of phosphate in the soil solution caused by physicochemical processes 

(Fardeau et al., 1991). Soil samples were pre-incubated at 30oC for two weeks at 55% 

water-holding capacity. This procedure was performed to reach a constant soil respiration 

rate and constant parameters of isotopic exchange after the disturbance generated by 

sieving and mixing the soil. After this, an amount of pre-incubated soil equivalent to 10 g 

dry weight was shaken for 16 hours in a 250-ml Nalgene bottle with 99 ml of water 

(including the water contained in the soil sample). At time zero, 1 ml of carrier-free 33PO4
3- 

tracer was added to the soil-water suspension while stirring. The introduced activity (R) 

ranged between 24-206 kBq, depending on the soil. The suspension was sampled with a 
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syringe after 1, 4, 10, 30, 60 and 90 min and immediately filtered through a membrane 

filter (0.2 µm pore size). At each time point, the radioactivity in the filtrate (r) was 

quantified by liquid scintillation counting in a betacounter (TRI-CARB, 2500 TR). 

Additionally, at the end of the experiment, the suspension was sampled and filtered as 

above to determine the phosphate concentration in solution (Cp in mg l-1) using malachite 

green (Ohno and Zibilske, 1991).  

The temporal development of radioactivity remaining in the soil solution (r(t)/R) is 

described by the following formula (Fardeau et al., 1985): 

r(t)/R= m*(t + (m)1/n)-n + r∞/R    (1) 

where t is time, m and n are model fitting parameters, and r∞/R is the maximum possible 

dilution of the isotope. This last value was estimated by the ratio between the phosphate 

concentration (in mg kg-1) in the soil solution (10*Cp) and total Pi (estimated by the 

difference between Pt determined by digestion and Po measured by ignition). 

Finally, the quantity of isotopically exchangeable P at each time point, the so-called 

E-value (E(t)) (mg P kg-1), was estimated as: 

E(t)est = 10*Cp/(r(t)/R)    (2) 

using the r(t)/R calculated according to equation 1. 

The approach of using IEK experiments to estimate changes in the SA of phosphate 

in the soil solution (SAH2O) caused only by physicochemical processes is based on the 

assumption that during the short time of the experiment there is no incorporation of 33P 

into microorganisms. In order to confirm this assumption, the experiment was repeated in 

the presence of a microbial inhibitor (10 mg l-1 HgCl2 solution added before labeling). 
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Since Cp, r1/R and n were unaffected by the presence of the inhibitor (data not shown), it 

was concluded that no inhibitor was required during the short-term IEK experiments.  

Six analytical replicates of the IEK experiment were performed for each soil and 

treatment. Three of these replicates were performed at the beginning and three at the end 

of the incubation experiment (2.3.2) to verify that there was no change of the IEK 

parameters over time. As no change over time was observed (data not shown), the six 

replicates were analyzed jointly. 

 

2.4.2. Incubation experiment 

The aim of this part of the experiment was to assess changes in the SA of phosphate 

in the soil solution caused by both physicochemical and biological processes. Additionally, 

soil respiration and microbial P were quantified. The incubation experiment was performed 

in three separate sets, one for each soil. In detail, soil samples were pre-incubated at 30oC 

for two weeks at 40% water-holding capacity. After this, a fraction of the pre-incubated 

soil equivalent to 220 g dry soil was labeled with 10 ml of a 33P solution (from 468 to 894 

kBq ml-1, depending on the soil) and additional water was added to achieve a moisture 

level corresponding to 55% water-holding capacity. The resulting label was 21.7, 27.1 and 

41.4 kBq g-1 for Delaware, Maryland and Iowa, respectively. The labeled soil was mixed 

thoroughly for 10 min and then divided into three sub-samples, which were placed in 

plastic bags and incubated at 30oC in the dark, keeping a constant water content. 

Three different time-points were considered: 1, 6 and 13 days. These time-points 

represent the moment at which the samples were filtered or the resins were removed from 

the soil suspension, even though the extraction procedure started 16 hours before. For each 
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time-point, one of the incubated sub-samples was used to measure the SA of soil solution 

phosphate and microbial P.  

Soil solution phosphate was extracted by shaking moist soil equivalent to 10 g dry 

soil with 100 ml water (including the water in the sample) for 16 h. After this, the soil-

water suspension was stirred for 10 min to generate conditions similar to those in the IEK 

experiment (2.4.1), sampled with a plastic syringe and filtered through a 0.2-µm 

membrane. The r and Cp values were quantified as described in 2.4.1, with four analytical 

replicates. Using the r and Cp obtained at each incubation time, the measured E-value 

(Emeas) was calculated according to equation 2. At a given time point, the difference 

between Emeas and Eest (determined as described in 2.4.1) represents the cumulative gross 

Po mineralization (ΔE). 

The fumigation-extraction procedure described by Kouno et al. (1995) was used to 

quantify microbial P. This method is based on shaking a soil sample with water and an 

anion exchange resin membrane (BDH #55164, 6 cm x 2 cm) saturated with CO3
2- for 16 

h, with and without hexanol. The membranes are then eluted with a 0.1 M NaCl/HCl 

solution, and the radioactivity and phosphate content in the eluates are quantified as 

described in 2.4.1. The difference in phosphate concentration (in mg kg-1) between 

fumigated and non-fumigated samples after correction for adsorption of the P released 

during fumigation is referred to as hexanol-labile P (31Phex). The sorption correction factor 

was obtained from the recovery of a 7.5 mg P kg-1 spike, evaluated for each soil and 

treatment at all sampling dates. This factor averaged 0.89 ± 0.13 for Delaware, 0.92 ± 0.10 

for Maryland and 0.88 ± 0.23 for Iowa. No conversion factor (kp) was applied. 
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The radioactivity recovered in fumigated samples may partly originate from 33P 

liberated from the solid phase upon release of 31P from the lysed microbial cells. This effect 

was estimated by measuring the recovery of 33P in samples receiving the 31P spike 

mentioned above. The 33P in fumigated subsamples was then corrected based on the linear 

relationship of 31P added (0, 7.5 mg P kg-1) and 33P recovered, inserting the measured 31Phex 

as 31P added. Finally, the potential sorption of 33P released during fumigation was corrected 

for based on the recovery of a 33P spike, rendering 33Phex. The recovery of the 33P spike 

averaged 0.88 ± 0.17 for Delaware, 0.88 ± 0.09 for Maryland and 0.97 ± 0.22 for Iowa. No 

significant difference was found between the recovery of 31P and 33P spikes. 

Immobilized P was calculated as suggested by Bünemann et al. (2007): 

P immobilized (mg P kg-1) =  ((33Phex/
31Phex)/(

33PH2O/31PH2O))*31Phex    (3) 

where the term 33Phex/
31Phex represents the SA of the hexanol-labile phosphate and 

33PH2O/31PH2O represents the SA of phosphate in the soil solution. Finally, the immobilized 

P was subtracted from the cumulative gross Po mineralization to derive the cumulative net 

Po mineralization. The gross and net Po mineralization rates were calculated by dividing 

the cumulative gross and net Po mineralization, respectively, by the number of incubation 

days. 

Simultaneously to the incubation experiment, soil respiration was measured 

according to Alef (1995). To this end, pre-incubated soil samples were thoroughly mixed 

with water instead of 33P labeling solution for 10 min to emulate the physical disturbance 

generated during soil labeling. After this, soil at 55% water-holding capacity equivalent to 

20 g dry soil was placed in a plastic vial inside a 1-l Mason jar together with a 50-ml 

Erlenmeyer beaker containing 10 ml of 0.5 M NaOH. Blanks without soil were also 
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included. At day 5, traps were exchanged and the NaOH was back-titrated with HCl after 

the addition of 4 ml of 1.5 M BaCl2 and phenolphthalein. The respiration measurement was 

finished with a second titration at day 12.  

The C:P ratio of net mineralization was calculated as the ratio between measured C 

respiration rate and the net Po mineralization rate. On the other hand, the C:P ratio of gross 

mineralization was calculated as the ratio between gross C respiration rate and gross P 

mineralization. The gross C respiration rate was calculated from the measured C respiration 

rate, assuming that 60% of the C mineralized is released as CO2 while 40% is assimilated 

into the microbial biomass (Murphy et al., 2003). 

 

2.5. Statistical analysis 

Due to the different fertilizer treatments and rates, each experimental site was 

analyzed separately. The normality of distribution was confirmed using the Shapiro and 

Wilk (1965) procedure, while the homogeneity of variances was confirmed using the 

Levene (1960) test. Differences between treatments were tested with a one-way ANOVA 

using the SAS PROC MIXED procedure (SAS Institute Inc, 2013). Effects were 

considered significant at p < 0.05, and the Tukey-Kramer test was used to compare 

fertilizer treatment means if analysis of variance indicated significant treatment effects. 

The full model in the IEK experiment (Equation 1) was fitted using R in order to determine 

the parameters m and n (R Core Team, 2013). The linear and quadratic models to associate 

Po in the CF and net and gross mineralized P were fitted using PROC REG (SAS Institute 

Inc, 2013). Multiple linear regression (PROC REG) was used to estimate Po mineralization 

rates using respiration and C:P ratios of the soil and soil fractions as regressors.  
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3. RESULTS 

3.1. Soil analysis 

Soil pH was moderately acidic in Delaware and Maryland, ranging from 5.1 to 6.1 

(Table 4.1). In Delaware, pH was greater in the PL amended treatments, while no 

significant difference between treatments was observed in Maryland. In Iowa, soil pH was 

moderately acidic in the Control + N plot and neutral in Control and PL. An increase in Ct 

relative to the Control was observed in PL plots in Delaware (+12.7%) and Maryland 

(+7.8%) but not in Iowa. Concentrations of Pi ranged between 91 and 481 mg kg-1, while 

Po ranged between 119 and 370 mg kg -1 (Table 4.1). The repeated application of IF or PL 

increased Pi in all soils relative to the Control, while Po concentration was increased by PL 

in Delaware and Maryland, and by IF in Delaware. The use of N fertilizers without P 

addition in Iowa (Control + N treatment) decreased the concentration of Pi compared to the 

Control, but lead to an increase in Po. 

After the physical fractionation of the soil, Pt in the CF ranged from 10 to 91 mg 

kg-1, with Po representing 20 to 88% of it (Table 4.2). In all soils, Pt and Po in the CF were 

greater in PL amended soils than in the Control. An increase in Ct concentration in the CF 

of PL treatments was observed only in the Iowa soil where Ct was increased by a factor of 

1.7 compared to the Control. Even though the application of this organic amendment 

tended to reduce the Ct:Po ratio in the CF, this difference was significant only in the 

Delaware soil. The long-term use of mineral fertilizers did not modify Pt nor Po in the CF 

relative to the Control. Likewise, all measured properties in the CF and the FF of Iowa soils 

were similar in control and Control + N. In the FF, Pt ranged between 162 and 698 mg P 

kg-1, with Po representing 47 to 78 % of it. In most soils, Ct in the FF was greatest in PL, 
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followed by IF. However, no treatment effects on Po nor the C:Po ratio in the FF were 

found. The recovery of Pt and Po in the CF plus the FF (Table 4.2) represented 90 ± 7 and 

109 ± 9% of the Po measured in the non-fractioned samples, respectively (Table 4.1).  

 

3.2. Enzyme addition assay 

The concentration of Pi in NaOH-EDTA extracts of all soils was greater in P 

fertilized treatments than in the Control, irrespective of the P source (Table 4.3). Enzyme-

labile Po fractions showed a high variability, and no differences between fertilizer 

treatments were observed for simple monoester-like P, DNA-like P and non-hydrolysable 

Po. However, the concentration of phytate-like P was increased by PL application in 

Maryland and Iowa and additionally by IF fertilization in Maryland. 

 

3.3. Isotopic dilution experiment 

The concentration of water-extractable phosphate during the soil incubation ranged 

between 0.2 and 10.7 mg kg-1 and was not always constant between sampling times 

(Figures 4.1 a-c), with values on day 1 typically being greater than later values. In all soils, 

the concentration of water-extractable phosphate was highest in PL and lowest in the 

Control, while IF was intermediate (Delaware, Maryland) or not different from the Control 

(Iowa). The analytical variability was low, with an average coefficient of variation of 4.4%. 

The recovery of water-extractable 33P varied in the order PL > IF  Control = Control + N, 

and it decreased over time in all soils and treatments (Figures 4.1 d-f). Therefore, also the 

SA in water-extractable phosphate decreased over time, and it was typically greater in non-

P-fertilized than in P-fertilized treatments (Figure 4.1 g-i). 
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Hexanol-labile P ranged between 1.2 and 11.9 mg P kg-1 (Figures 4.2 a-c). 

Consistent treatment differences were observed only in Maryland and Iowa, where 

hexanol-labile P was greater in P-fertilized than in non-P-fertilized treatments. Temporal 

trends were significant mainly in Delaware (all treatments), with an increase on the last 

sampling date. The recovery of 33P and the SA in the hexanol-labile P pool showed a high 

analytical variability (average variation coefficients of 29% and 27%, respectively), and 

for most soils and treatments did not change significantly over time (Figures 4.2 d-i). 

The fitting parameter m of the IEK experiment ranged between 0.20 and 0.64 and 

for a given soil varied in the order PL > IF > Control = Control + N (Table 4.4). In the case 

of the n parameter, the values ranged between 0.18 and 0.37, with the greatest values 

generally determined in the Control, followed by IF. Finally, the water extractable 

phosphate measured in the IEK experiment ranged between 0.2 and 10.4 mg P kg-1 (Table 

4.4) and was similar to the concentrations of water-extractable phosphate observed during 

the incubation experiment (Figure 4.1). 

Soil respiration rates (Table 4.5) during the first 6 days varied between 6.0 and 14.6 

µg C g-1 d-1. Averaged across soils and treatments, rates were 37% lower for the second 

measurement period (day 6 - 13). An increase in the respiration rate relative to the Control 

was observed for IF in Maryland and for PL in Maryland and Iowa, while in Delaware 

respiration rates were similar in all treatments. 

The difference between extrapolated E-values (Eest) and measured E-values (Emeas) 

was always significant (Table 4.5). The resulting cumulative gross Po mineralization in PL 

(Table 4.5) was always greater than in the Control, and in Delaware additionally greater 
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than in IF. In Iowa, no difference between Control and Control + N was observed. The 

gross Po mineralization rates ranged from 0.6 to 4.5 mg P kg-1 day-1 (Table 6). 

The analytical variability of microbial P immobilization (Pimm) was high (Table 

4.5), with average variation coefficients of 27, 23 and 21% for Delaware, Maryland and 

Iowa, respectively. A significant effect of long-term PL amendment on microbial P 

immobilization was observed only in Delaware. The resulting net Po mineralization (Table 

4.5) followed a similar trend as gross Po mineralization, being always greater in IF and PL 

than in the Control. Also, no difference in net Po mineralization was observed between 

Control and Control + N. The resulting net mineralization rate ranged from 0.3 to 4.1 mg 

P kg-1 day-1 (Table 6). 

The C:P ratios of gross mineralization ranged between 5 and 22, while for net 

mineralization they ranged between 3 and 16 (Table 4.6). There was a significant 

interaction between fertilization treatments and incubation date, but in general the C:P ratio 

of both gross and net mineralization was greater in the Control than in the fertilized 

treatments. 

 

4. DISCUSSION 

4.1. Changes in soil P pools caused by long-term application of fertilizers 

Fertilization with IF or PL generally increased the concentrations of Pi and Po in the 

soil (Table 4.1). The increase in Pi is primarily explained by adsorption and precipitation 

processes (Pierzynski et al., 2005). On the other hand, the increase in Po concentration can 

be explained by variations in the amount and quality of plant residues (Zheng et al., 2002) 

and/or by the accumulation of organic P compounds already present in PL (Cade-Menun 
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et al., 2015; He et al., 2008). Even though there is not enough information to calculate a P 

balance for the studied long-term experiments, the increments in Pi and Po pools in the P-

fertilized treatments indicate that the P-balance is highly negative in the Control and less 

negative, even or positive in the P-fertilized treatments. 

On average, 56%, 95% and 64% of the increase in Pi generated by P fertilization in 

soils of Delaware, Maryland and Iowa was located in the FF, respectively (Tables 1 and 

2). This trend coincides with the clay + silt content of these soils, which was 18, 84 and 

58% for Delaware, Maryland and Iowa, respectively, and is in line with the greater P 

sorption capacity of the FF compared to the CF (Wyngaard et al., 2013). The change in Pt 

and Po caused by PL was significant in the CF but not in the FF (Table 4.2), which agrees 

with the findings of Ciampitti et al. (2011) that Pt in the CF is more sensitive to the long-

term application of fertilizers than Pt in whole soil samples. Consequently, the 

accumulation of Po derived from the long-term application of fertilizers was mostly 

associated with particulate organic residues, while the accumulation of Pi was dominated 

by sorption to the FF. The observed values of Pt and Po in the CF were in a similar range 

as in previous studies (Ciampitti et al., 2011; Wyngaard et al., 2013), except for the PL 

treatment in Iowa, which exceeded all other values.  

The concentrations of DNA-like P, phytate-like P, simple monoester-like P and 

non-hydrolysable Po (Table 4.3) were generally lower than in other studies (Annaheim et 

al., 2015; Requejo and Eichler-Löbermann, 2014; Keller et al., 2012; Koopmans et al., 

2007). This difference between our study and others can be a consequence of an incomplete 

extraction of the total Po by the NaOH-EDTA extract, which is supported by the fact that 

the sum of all organic fractions extracted by NaOH-EDTA (Table 4.3) represented on 
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average only 19% of the Po measured by calcination (Table 4.1). While the calcination 

technique may overestimate Po, such an overestimation has been primarily observed in 

strongly weathered soil (Condron et al., 1990), which does not apply to the soils used in 

this study. 

The observed accumulation of phytate-like P in PL amended treatments (Table 4.3) 

can be a consequence of a direct and/or an indirect process. The direct process is the 

accumulation of phytate-like P already present in PL. Phytate-like P is the major 

component of the hydrolysable Po present in PL (He et al., 2008) because birds have a low 

capacity to digest phytate-like P compounds present in their feed, which are then released 

through their feces (Taylor, 1965). On the other hand, an indirect phytate accumulation can 

originate from an increase in plant-derived phytate inputs (Anderson and Arlidge, 1962) 

caused by fertilization. In Maryland, the long-term IF fertilization generated an increase in 

phytate-like P (Table 4.3), pointing to an indirect accumulation effect. Consequently, the 

observed increase in phytate-like P in PL plots in Maryland (and also in Iowa where the IF 

treatment was not evaluated) can be a combination of both direct and indirect processes. 

However, in Delaware no difference in phytate-like P between treatments was observed, 

although P inputs were the same as in Maryland. Phytate-like P can be stabilized by 

adsorption to clays (Anderson and Arlidge, 1962) or by binding to metal ions and oxides 

(Ognalaga et al., 1994; Evans and Martin, 1991, 1988;) and organic molecules (Borie et 

al., 1989). This interaction prevents the decomposition of phytate by hydrolytic enzymes 

and leads to its accumulation in soil. Because Delaware is a sandy loam soil (82% sand), 

its capacity to stabilize and accumulate plant and PL derived phytate-like P is low, reducing 

the effect of long-term PL applications on phytate accumulation in soil.  
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Although phytate-like P can be protected by clay-sized particles, no Po 

accumulation was observed in the FF (Table 4.2). However, the magnitude of the change 

in phytate-like P between PL and Control treatments (1.4 to 4.9 mg kg-1) is very low when 

compared to the size of the Po pool in the FF (110 to 380 mg kg-1) and to the variability of 

the measurement of Po in the FF (standard deviation ranging between 7 and 50 mg kg-1). 

The range of values for water-extractable phosphate was broader in this study 

(Figure 4.1 a-c) than in other studies (Bünemann et al., 2012; Achat et al., 2009b; 

Bünemann, 2008; Oehl et al., 2004). This is a consequence of the high concentrations of 

water-extractable phosphate in soils amended with PL. Both water-extractable and 

hexanol-labile P changed over time (Figures 4.1 and 4.2), due to greater values in day 1. 

This demonstrates that steady conditions were not fully met on day 1 and the measured 

mineralization rates derived from this day were not truly basal. Consequently, this 

sampling point will not be used to calculate mineralization rates. 

 

4.2. Changes in Po mineralization rates caused by long-term application of fertilizers 

Soil respiration rates (Table 4.5) were similar to those observed by Oehl et al. 

(2004) in arable fields. As in other Po mineralization studies, in spite of the pre-incubation 

of the soil to achieve stable conditions, soil labeling generated a transient increase in soil 

respiration (Achat et al., 2009a; Bünemann et al., 2007; Bünemann et al., 2012). More 

importantly, the observed trends in soil respiration between soils and fertilization 

treatments coincided, in general, with those observed for soil Ct accumulation (Table 4.1). 

Gross and net cumulative Po mineralization decreased in the order PL ≥ IF > 

Control = Control + N (Table 4.5). The difference between organic and mineral fertilization 
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can be  explained by the increase in microbial biomass and Po in treatments with organic 

amendment, as previously observed by Oehl et al. (2004). The rates of gross Po 

mineralization were in a similar range as those determined by Oehl et al. (2004) and 

Bünemann et al. (2012) for arable and grassland soils in Switzerland, respectively. The 

decrease of these rates over time can be explained by the disturbance generated during the 

soil labeling and also by the recycling of 33P labelled microbially bound P compounds 

during the incubation (remineralization sensu strictu) (Bünemann, 2015). 

 

4.3. Association between P pools and Po mineralization 

Neither gross nor net Po mineralization were significantly associated with Pt, Po, Pt 

in FF, Po in FF, Pt in CF, simple monoester-like P, phytate-like P, DNA-like P, non-

hydrolysable Po,  nor hexanol-labile P at any sampling date (data not shown). In contrast, 

a highly significant association between Po in CF and gross and net Po mineralization was 

found both for Day 6 and Day 13 (Figure 4.3). The fact that Po mineralization was not 

related to the concentrations or forms of organic P in the bulk soil but to its concentrations 

in a soil physical fraction reinforces the importance of physical protection for the 

stabilization of organic compounds (Six et al., 2002). Consequently, even though 89% to 

98% of the Po was located in the FF, Po in the CF determined the mineralization rate of the 

soil during the incubation. 

The association between gross or net Po mineralization and Po in the CF was above 

the 1:1 regression line both on Day 6 and 13. This indicates that the cumulative Po 

mineralized is greater than the amount of Po in the CF of the soil, suggesting that other 

sources of Po are also actively mineralized during the incubation. Moreover, the difference 
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between the regression line and the 1:1 line was increased in Day 13 in comparison to Day 

6, indicating that the relative contribution of Po in the CF to mineralization decreased with 

time. In the closed incubation system used, there is no new input of Po to the CF, which is 

apparently depleted at a faster rate than Po in the FF. Previous studies conceptualized two-

pool models to describe Po mineralization, dividing the mineralizable pool between living 

and non-living soil organic matter (Müller and Bünemann, 2014; Achat et al., 2010). Our 

study demonstrates that the dynamics of non-living organic matter can also be potentially 

divided into two pools of different turnover, as it was proposed for nitrogen (Deans et al., 

1986). 

It is interesting that the relationship between Po in the CF and cumulative 

mineralized Po was quadratic on Day 13, which may indicate that above a certain threshold 

of Po in the CF the capacity of the soil to mineralize Po tends to stabilize. A similar trend 

was observed by Ciampitti et al. (2011) while analyzing the relationship between P uptake 

from corn and Pt concentration in the CF. The inflection point of the function determined 

by these authors was 13.2 mg Pt kg-1 while in the present study it was 16.2 and 15.0 mg Po 

kg-1 for gross and net mineralization, respectively.  

 

4.4. Prediction of Po mineralization from soil respiration 

The association between respiration rates and gross and net Po mineralization rates 

was statistically significant (Table 4.7) but presented a low regression coefficient (R2=0.52 

and 0.50, respectively). It was observed that this low association between C and Po 

mineralization was caused by the relatively small Po mineralization rate in some treatments 

such as Delaware + PL, as compared to other treatments with similar respiration rates. This 
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trend coincided with a greater Ct:Po ratio in the soil and in the CF of these treatments 

(Tables 1 and 2). Therefore, the Ct:Po ratio was incorporated as a regressor to account not 

only for the organic matter decomposition rate, but also for its composition. The 

incorporation of the Ct:Po ratio of the soil or of the FF did not improve the model 

significantly. However, the incorporation of the Ct:Po ratio of the CF to the model 

significantly improved the regression coefficient to 0.77 and 0.59 for gross and net Po 

mineralization, respectively. This suggests that during the incubation experiment the 

relative importance of Po mineralization from the CF was greater than that from the FF, 

and supports the hypothesis of a greater turnover rate of the Po accumulated in the CF. The 

Phex concentration was also evaluated as a regressor to improve the estimation of Po 

mineralization from respiration, but it did not significantly improve the model (data not 

shown). 

The observed C:P ratios of gross mineralization (Table 4.6) were similar to those 

observed in other arable soils (Randriamanantsoa et al., 2015; Oehl et al., 2004). Kirkby et 

al. (2011) suggested to compare the Ct:Po ratio of stable organic matter versus the C:P ratio 

of mineralization. Along these lines, the C:P ratio of gross and net mineralization in our 

study was not associated with the Ct:Po ratio of the whole soil nor of the FF. However, a 

significant linear association between the Ct:Po ratio of the CF and the C:P ratio of net 

mineralization was observed at day 13 (R2= 0.67, p <0.001), and a quadratic one when 

evaluating the C:P ratio of gross mineralization (R2= 0.92, p < 0.001 for day 6 and R2= 

0.98, p < 0.001 for day 13) (data not shown). The fact that the Ct:Po ratio of the CF is 

associated with the Po mineralization rate and with the C:P ratio of mineralization, while 

the Ct:Po of the soil and the FF are not, supports the hypothesis of the CF having a relative 
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greater contribution to Po mineralization than the FF. It would be important to confirm 

these findings in future studies by measuring Ct and Po concentrations in CF and FF at the 

end of the incubation period, to determine the relative depletion of these pools. 

Even though there is a relationship between Po in the CF and Po mineralization, the 

Ct:Po ratio of the CF averaged 253 (Table 4.2), which is greater than the C:P ratio of gross 

and net mineralization (average 8 and 6, respectively). These last values are most similar 

to those described for the C:P ratio of the microbial biomass in arable soils, which ranges 

between 10 and 26 (Brookes et al., 1984; Oehl et al., 2004). This would suggest that gross 

and net mineralization rates originate entirely from remineralization (sensu latu) 

(Bünemann, 2015), and that the contribution of the Po in the CF to the Po mineralization 

rate is indirect: Po in CF influences the microbial biomass, which in turn controls the gross 

and net Po mineralization rates. A link between P in the CF and microorganisms has been 

indicated before: Salas et al. 2003 showed that plant residues added to soil are quickly 

colonized by fungi, and the P in the resulting particulate organic matter may originate 

mainly from fungal P immobilization. 

 

5. CONCLUSIONS 

Repeated additions of poultry litter as a fertilizer in three long-term field 

experiments in the United States increased the concentrations of Pt and Po in the coarse 

fraction of the soil (>53 µm), and of phytate-like P in the whole soil, and resulted in an 

increase in Po mineralization measured in an isotopic dilution experiment compared to 

other treatments. Mineralization of Po followed the general trend: poultry litter ≥ inorganic 

fertilizer > control = control + nitrogen fertilizer. The concentration of Po in the CF was 
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significantly associated with Po mineralization. The quantification of Po in the coarse 

fraction therefore is a promising non-isotopic alternative to estimate basal Po 

mineralization. However, further research is required to verify the association between Po 

in the coarse fraction and Po mineralization in a broader range of soils and land-use types, 

and to assess if changes in Po in the coarse fraction indeed influence plant P uptake. 
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Table 4.4. Parameter of isotopic exchange kinetics during an incubation experiment in 

three different soils subjected to different long-term fertilizer treatments: Control, 

inorganic P fertilization (IF), Control + N and poultry litter (PL). Means  standard 

deviation of six analytical replicates. Within each soil different letter in the same column 

indicate significant differences (p <0.05) according to the Tukey-Kramer test. 

 

 

 

 

 

 

 

 

 

  

Soil Treatment 10*Cp  

(mg P kg-1) 

m n 

Delaware Control 0.20 ± 0.01c† 0.39 ± 0.04 b 0.32 ± 0.02 a 

 IF 1.22 ± 0.08 b 0.60 ± 0.03 a 0.25 ± 0.00 b 

 PL 1.75 ± 0.12 a 0.64 ± 0.03 a 0.22 ± 0.01 c 

Maryland Control 0.20 ± 0.01 c 0.11 ± 0.01 c 0.37 ± 0.01 a 

 IF 0.95 ± 0.08 b 0.23 ± 0.01 b 0.28 ± 0.01 b 

 PL 1.18 ± 0.05 a 0.27 ± 0.01 a 0.27 ± 0.00 b 

Iowa Control 0.45 ± 0.04 b 0.20 ± 0.01 b 0.30 ± 0.01 b 

 Control + N 0.27 ± 0.04 b 0.21 ± 0.03 b 0.35 ± 0.01 a 

 PL 10.35 ± 0.27 a 0.37 ± 0.00 a 0.18 ± 0.00 c 
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Table 4.7. Linear models to estimate gross or  net Po mineralization (Pmin) using respiration 

(Resp) and the C:P ratio in the non-fractioned soil, in the coarse fraction and in the fine 

fraction (C:PTotal, C:PCF and C:PFF, respectively) as regressors. 

 

 

†Indicates significant contribution (p < 0.05) of the variable to the model.  

Variables  Model Significance level 

(p) 

R2 

Resp Gross Pmin = 0.09 + 0.024 Resp† < 0.001 0.52 

Resp + C:PTotal Gross Pmin = 0.62 + 0.24 Resp† – 0.01 

C:PTotal 

< 0.001 0.56 

Resp + C:PCF Gross Pmin = 1.52 + 0.22 Resp† – 0.0046 

C:PCF
† 

< 0.001 0.77 

Resp + C:PFF Gross Pmin = 0.45 + 0.24 Resp† – 0.01 

C:PFF 

0.003 0.54 

    

Resp Net Pmin = - 0.15 + 0.24 Resp† 0.001 0.50 

Resp + C:PTotal Net Pmin = 0.28 + 0.24 Resp† – 0.01 

C:PTotal 

0.003 0.54 

Resp + C:PCF Net Pmin = 1.17 + 0.21 Resp† – 0.0043 

C:PCF
† 

< 0.001 0.69 

Resp + C:PFF Net Pmin = 0.13 + 0.24 Resp† – 0.01 

C:PFF 

0.004 0.52 
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Figure 4.1. Concentration of phosphate (a, b and c), recovery of 33P (d, e and f) and specific 

activity (g, h and i) in water-extractable phosphate during an incubation experiment in three 

different soils subject to different fertilizers treatments: Control, inorganic P fertilization 

(IF), Control + N and poultry litter (PL). Time-points: 1, 6 and 13 days after labeling. 

Significance values in the legend indicate the effect of time for each treatment separately 

in a one-way ANOVA. Error bars represent the standard deviation (n=4). 
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Figure 4.2. Concentration of phosphate (a, b and c), recovery of 33P (d, e and f) and specific 

activity (g, h and i) in hexanol-labile P during an incubation experiment with three different 

soils subject to different long-term fertilizers treatments: Control, inorganic P fertilization 

(IF), Control + N and poultry litter (PL). Time-points: 1, 6 and 13 days after labeling. 

Significance values in the legend indicate the effect of time for each treatment separately 

in a one-way ANOVA. Error bars represent the standard deviation (n=4). 
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Figure 4.3. Association between organic phosphorus in the coarse fraction (CF) of the soil  

and the cumulative gross and net P mineralization at 1, 6 and 13 days of incubation of three 

soils that had received poultry litter or inorganic fertilizer for more than 10 yr. Different 

shapes represent different soils: circle (Delaware), square (Maryland) and triangle (Iowa). 

Different colors represent different fertilizer treatments: white (control), grey (inorganic 

fertilizer) and black (poultry litter).  
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CONCLUSION 

The use of PL as a fertilizer can lead to an accumulation of labile N, P and S organic 

pools in the soil, which in turn results in an increase in the N, P and S mineralization 

potential. However, this accumulation process is not significant in all soils. The texture of 

the soil seems to explain this difference. Soils with a greater clay and silt content, and 

consequently a greater capacity to protect organic matter against decomposition, present a 

greater accumulation of mineralizable nutrients. 

 Even though there are many simple and quick methods to estimate the N 

mineralization potential of the soil, our study demonstrated that the use of chemical 

extractions can lead to an underestimation of the N mineralization potential in PL-amended 

soils when these methods are calibrated in inorganically amended soils. The quantification 

of the NH4
+ released after a 7-d anaerobic incubation proved to be a good predictor for both 

N and S mineralization potential independently of the fertilization history. The fact that a 

N mineralization estimator can be used to predict S mineralization highlights the strong 

correlation between the mineralization rates of both nutrients. This finding will allow soil 

testing laboratories to estimate simultaneously the N and S mineralization potential by 

using a single cheap and simple method. The chemical extraction with NaHCO3, which has 

been previously associated with S uptake from pastures, also proved to be a strong indicator 

of S mineralization independently of the fertilization history. 
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While further research is required in a broader range of soils and land-use types, 

our data provides evidence that there is an association between the of Po content of the soil 

and its mineralization potential. This is important, as there is no other non-isotopic method 

to estimate Po mineralization. Thus, the concentration of Po in the CF surges as a promising 

indicator to differentiate soils according to their Po mineralization potential, without 

focusing on the actual rate of mineralization which will be affected by other factors such 

as temperature and water content. In order to estimate Po mineralization rates, we 

recommend to measure soil respiration and correct it by the Ct:Po ratio of the CF. 

 

 


