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ABSTRACT

Zhao, Chun. Ph.D., Purdue University, December 2013. Nitrogen and Potassium
Dynamics of Selected Indiana Soils. Major Professors: Brad Joern and Jim
Camberato.

Nitrogen (N) is the most limiting essential nutrient for crop growth. Numerous
studies have been performed to improve N fertilizer recommendations. Accurate
prediction of soil N supply has been found to be one of the most important factors
that determine optimum fertilizer N rates. Seven soils collected from various
locations across Indiana at four different depths were tested for N mineralization
potential. Results showed that laboratory mineralizable N in the top layer (0-15
cm) of the seven soils ranged from 50 to 68 mg N kg™ soil. In addition, more than
50% of the total mineralizable N was contributed from the 15 to 60 cm depths.
Different methodologies used for estimating soil N supply capacity were also
compared in this study. We found that soil N mineralization estimated from long-
term static laboratory incubation was correlated to crop N uptake under
greenhouse conditions. Some chemical indices such as lllinois Soil Nitrogen Test,
anaerobic-N, and Hot KCI-N also showed promises in predicting laboratory N
mineralization potential. However, the mineralizable N estimated from laboratory
incubations did not show any relationship with soil N supply in the field, which
can be attributed to large weather variations under field conditions. Therefore, a
process-based weather-driven N transformation and loss model was developed
to improve the prediction of optimum in-season fertilizer N rates. So far through

simple regression analyses from existing N response studies we found that



XVi

yearly plant N uptake simulated from this model was highly correlated to yield
data under field conditions (R* > 0.95 for any site year, R* > 0.80 for combined
site years).

Potassium (K) is also one of the most important essential nutrients for crop
growth. The availability of K in the soil determines K fertilizer recommendations.
Potassium ions can be fixed between the layers of 2:1 clay minerals in the sail,
which decreases the availability of K for plant uptake. We conducted two studies
to evaluate the impacts of different factors on soil K availability. One was to
assess the effect of anhydrous ammonia (AA) injection on soil K fixation, and the
other was to evaluate the effect of soil moisture on soil K test levels. Results of
the first study showed that the injection of AA dramatically decreased the
nonexchangeable K concentration in some soils up to 4.5 cm away from the
injection point, but did not significantly affect the exchangeable K concentration in
the soil. In the study about effects of moisture on soil test K (STK) levels, we
found that soils with initially high exchangeable K concentrations fixed K upon
drying, while soils with initially low exchangeable K concentration released K
upon drying. The equilibrium soil K level at which no change in STK occurs upon
drying varied with soils (106 to 241 mg kg™), and was positively related to the
predicted soil K critical value. However, the mechanisms affecting K
release/fixation still require more study.



CHAPTER 1.NITROGEN MINERALIZATION IN SOILS: A LITERATURE
REVIEW

1.1 Introduction

Nitrogen (N) is considered the most limiting essential nutrient required for
crop growth. Most plants take up greater amounts of N than any other nutrient,
and N is a major component of proteins, nucleic acids and chlorophyll (Brady and
Weil, 2008), which are all critical for plant growth.

A lack of N causes yellowish leaves, stunts growth and lowers yield, while an
adequate supply of N leads to rapid crop growth with high yields and good quality.
If N is oversupplied, excessive vegetative growth occurs and maturity can be
delayed (Brady and Weil, 2008). In some cases, plant stems can become tall and
weak and prone to lodging with heavy rain or wind. In addition, excessive N
applications can lead to poor crop N uptake efficiency and may result in
increased greenhouse gas emissions and nitrate loss to groundwater. Therefore
the development of optimum N fertilizer recommendations is important for

agronomic, economic and environmental reasons.

The main sources of N input to cropland include N supplied via commercial
fertilizers, manures and other N rich organic materials, biological N fixation from
legumes and other N-fixing organisms, atmospheric deposition, and N
mineralized from soil organic matter and crop residues (Cassman et al., 2002).
Except commercial fertilizer and manure application, other N input sources are
treated as an indigenous N supply. Typically the indigenous N supply ranges
from 80 to 240 kg N ha™, while corn takes up about 190 kg N ha™ to produce a
yield of 10,000 kg ha™(Cassman et al., 2002).



Research also has shown that mineralized soil N is able to provide 20 to 80% of
the N required by crops (Broadbent, 1984). Improved estimates of soil N
mineralization should allow us to develop more accurate N fertilizer
recommendations to optimize crop yield and profitability while minimizing impacts

on the environment.

1.2 Soil Nitrogen Mineralization

Plants mostly take up N as nitrate (NO3") and ammonium (NH;"). However,
in the soil 89 to 98% of the total N is in the organic form (Foth and Ellis, 1996).
Organic N can be converted to mineral forms by a wide variety of heterotrophic

bacteria and fungi in a process called mineralization.

In well-drained soils, about 2% of the organic N is mineralized annually (Foth
and Ellis, 1996). Mineral soils with 2% organic matter contain nearly 2000 kg N
ha* in a 15-cm thick plow layer (based on a bulk density of 1.33 g cm™), so
approximately 40 kg N ha™ would be mineralized annually from the surface soil
layer. The amount of N from soil organic matter mineralization can be simply
predicted by a mass balance approach: mineralized N = (plant-uptake N + N loss
by leaching, volatilization, and denitrification + residual N) minus (inputs + initial
N content) (Keeney, 1980). However, this approach is not reliable, because N
loss is impossible measured precisely and plant N uptake depends on weather
and management. So far a number of techniques have been used to estimate
soil N mineralization rate, but no reference method is known to accurately

measure soil N mineralization (Raison et al., 1987).

1.3 Factors Affecting Soil Nitrogen Mineralization

Nitrogen mineralization in soils is affected by various factors, including
carbon (C) input rate (Matus et al., 2008), cropping system (Deng and Tabatabai,



2000; Senwo and Tabatabai, 2005), oxygen availability (Parr and Reuszer, 1959;
Zibilske and Bradford, 2006), soil pH (Fu et al., 1987; Senwo and Tabatabai,
2005), temperature and water content (Stanford et al., 1973; Stanford and
Epstein, 1974; Antonopoulos, 1999). In general, these are the same factors that

affect microbial activity and plant growth.

Carbon inputs from crop residues generally have significant and positive
effects on soil N mineralization (Matus et al., 2008). However, this effect also
depends on the capacity of soils to preserve soil organic C. In highly C saturated
sandy forest soils, free organic matter accumulated in the sand-size fraction
results in a considerable increase in N mineralization. However, cropped soils
can sequester soil organic C in their clay and silt fractions, which causes
substantial losses in labile C (Carter et al., 2003). Additionally, organic C inputs
and the quality of plant residues returned to the soil can be affected by the
cropping system (Moore et al., 2000). The effect of three crop rotation systems
on N mineralization was studied by Senwo and Tabatabai (2005). They found
that the amounts of N mineralized in soils from corn-oats-meadow-meadow
rotation plots were greater than in soils from continuous corn and corn-soybean
cropping systems, because crop rotations involving alfalfa or meadow increase

organic C inputs and quality, resulting in greater microbial biomass and activity.

The effect of soil pH on N mineralization is not obvious in most situations
because a wide range of organisms participate in this process. Studies showed
liming soils to greater pH values (from 4.9 to 6.7) does not affect N mineralization
rates (Dancer et al., 1973; Senwo and Tabatabai, 2005). However, liming effects
can increase N mineralization at high temperatures (Senwo and Tabatabai,
2005). In some extremely acid situations, mineralization is minimal (Foth and
Ellis, 1996).

Nitrogen mineralization generally increases with temperature and soll
moisture until an optimum is reached (Stanford et al., 1973; Stanford and Epstein,
1974; Antonopoulos, 1999). Within the range of 5 to 35 °C, an Arrhenius function



describes the relationship between temperature and N mineralization as a 10-
degree increase in temperature increases the mineralization rate two times
(Stanford et al., 1973; Kladivko and Keeney, 1987). At optimum soil temperatures,
mineralization increases with soil moisture up to near field capacity (Stanford and
Epstein, 1974), but mineralization in water-saturated soil is limited due to oxygen
deficiency (Campbell, 1978). However, the combined effect of moisture-
temperature interactions is still not clear (Cassman and Munns, 1980; Kladivko
and Keeney, 1987; Wennman and Katterrer, 2006).

1.4 Prediction of Soil Nitrogen Mineralization

1.4.1 Laboratory Measurements

Numerous laboratory methods for estimating soil N availability have been
proposed (Bremner, 1965; Keeney, 1980; Bundy and Meisinger, 1994; Griffin,
2008). The most satisfactory methods currently available are biological methods
that measure mineral N produced when the soil is incubated under aerobic or
anaerobic conditions. Although these measurements estimate the pools of
potentially mineralizable N present at the time of sample collection, they may not
be a reliable index of field N mineralization rates due to the disturbance of soll
samples before laboratory incubation (Bremner, 1965; Keeney and Bremner,
1966; Raison et al., 1987) and the difference between incubation conditions in

laboratory and weather variations at field scale (Jarvis et al., 1996).

A variety of chemical extraction methods for N mineralization have also been
developed because these measurements are believed to be more rapid and
precise than biological methods (Keeney and Bremner, 1966; Schomberg et al.,
2009). However, none of these chemical techniques closely simulates the
microbial processes involved in soil N mineralization (Keeney and Bremner,

1966). The accuracy of each chemical method is highly influenced by soil type,



molarities of the extracting solution, soil-solution ratio, extraction time and

temperature (Ros et al., 2011a).

1.4.1.1 Biological Methods

The most widely used biological method for estimating soil N mineralization
potential is the aerobic incubation method established by Stanford and Smith
(1972). They predicted mineralizable soil N by a first-order exponential model
obtained from a biologically based, long-term aerobic incubation method. The

exponential equation is denoted by:
Nm = No (1-exp (-kt))

where N, is cumulative net N mineralization in time t, Ng is the potentially
mineralizable N, and k is the first order rate constant. Some researchers
indicated that a two-pool model fits N mineralization data better than the one-pool
model (Molina et al., 1980; Beauchamp et al., 1986; Cabrera and Kissel, 1988),
because the pretreatment of soil samples (freezing and drying, or drying) can
result in a flush of N released on rewetting of soil samples (Cabrera and Kissel,
1988; Wang et al., 2003). Such processes take place fast, most likely within the
first four weeks of incubation. However, it is only a small pool of mineralizable N

which can be ignored according to Cabrera and Kissel (1988).

Waring and Bremner (1964) developed the short-term anaerobic incubation
method to estimate mineralizable N. This method quantifies the ammonium-N
produced in the soil, which is incubated under waterlogged conditions for 14 days
at 30 °C or 7 days at 40 °C. A strong relationship between the aerobic incubation
method and anaerobic incubation method has been observed in several studies
(Gianello and Bremner, 1986; Chan, 1997; Schomberg et al., 2009).

Exhaustive cropping under greenhouse conditions is also used to evaluate
soil N availability (Keeney and Bremner, 1966). Soils are cropped with plants in

the greenhouse and fertilized with a minus-N nutrient mixture. A cropping and



harvesting sequence is repeated for several months until the plants stop growing.
Total plant biomass and root uptake is measured along with the mineral N
concentration in the soils before and after cropping. It was found that the N
content in the first cutting of crop was highly affected by the initial N
concentration in the soil, while N uptake by the second and third cuttings was

correlated with laboratory indexes of N availability (Keeney and Bremner, 1966).

1.4.1.2 Chemical Methods

Chemical methods used as indices of soil N availability include extraction
with boiling water (Keeney and Bremner, 1966), hot or cold KCI (Gianello and
Bremner, 1986), alkaline KMnO,4 (Subbiah and Asija, 1956), alkalai hydrolysis in
NaOH (Cornfield, 1960), lllinois Soil Nitrogen Test (ISNT, Khan et al., 2001) and
so on. Some of these methods were developed before 1980 and have been
evaluated in several papers (Keeney and Bremner, 1966; Campbell et al., 1997,
Schomberg et al., 2009). Some researchers found N extracted with boiling water
was closely related to N mineralization rate (Keeney and Bremner, 1966; Ros at
al., 2011a), while others found high correlations between hot KCl-extractable N
and N mineralization (Gianello and Bremner, 1986; Schomberg et al., 2009). The
ISNT was developed as a quick and simple alternative to determine amino sugar
N as hydrolysable amino sugar N has been shown to predict mineralizable soil N
(Bushong et al., 2008). However, there are also other reports that found low
correlations between chemical indexes and biological methods (Groot and Houba,
1995; Jalil et al., 1996; Selles et al., 1999; Curtin et al., 2006). So far no single
availability index of soil N mineralization/availability from chemical measurements

has been widely accepted.

1.4.2 Field Estimates

Numerous techniques have been developed to measure or estimate N
mineralization under field conditions, because these methods cause less soil

disturbance that can markedly affect soil mineralization rates (Bremner, 1965;



Keeney and Bremner, 1966; Raison et al., 1987) and take full consideration of
environmental changes (Raison et al., 1987). However, measuring soil N
mineralization in situ is not an easy task. Various methods exist, including placing
disturbed soil in plastic bags buried in the field (Eno, 1960), or undisturbed soil
columns using open-ended polyvinyl chloride (PVC) tubes (Adams and Attiwill,
1986; Kolberg et al., 1997; Gurlevik et al., 2004). These methods demand more
replications due to high spatial variability in N mineralization (Macduff and White,
1985). In addition, predictions of mineralizable N were significantly worse when
mineralization was measured in the field compared with measurements under
controlled conditions (Ros et al., 2011a). One of the greatest challenges with in-
field measurements is the inherent variability imposed by weather from site to
site and year to year. Although these climate variability issues are not an issue
with traditional biological and chemical laboratory methods, temporal changes in

mineralizable soil N are a reality at field scale.

1.4.3 Predicting Nitrogen Mineralization with Models

Nitrogen mineralization under field conditions has also been simulated
through modeling approaches by considering field fluctuations in temperature
and moisture (Cameron and Kowalenko, 1976; Myers et al., 1982; Antonopoulos,
1999). First-order kinetic models are used to quantify the mineralization process
(Stanford and Smith, 1972; Cameron and Kowalenko, 1976), where the
mineralization rate is proportional to the amount of potentially mineralizable soll

N, and is defined by the equation:

dN_ kN
dt ~ 0

where Ny is the amount of soil mineralizable N and k is the mineralization rate

constant. This equation can also be expressed as:

Nm = No (1-exp (-kt))



where N, is cumulative net N mineralization in time t, Ng is the potentially
mineralizable N, and k is the first order rate constant. The potentially
mineralizable N is the fraction of organic N in the soil which is readily mineralized.
Ros et al. (2011b) indicated that the size of soil organic matter pools and

fractions is the primary factor that controls soil N mineralization potential.

To incorporate weather factors into the equation, the mineralization rate
constant k is adjusted by soil temperature and moisture factors, and based on a

model presented by Antonopoulos (1999), the equation is expressed as:
ki=keew

where e is a temperature factor, and e,, represents the effect of water content.
Johnsson et al. (1987) suggested the Q1o relationship to define the effect of

temperature on soil mineralization as follows:

_ T1-T2)/10
e=Qo "+

where T, is the soil temperature, T, is the incubation temperature at which e; is
equal to 1, and Qo represents the change in N mineralization rate when
temperature is changed 10 degrees. Q1o 0f N mineralization is approximately 2
(Stanford et al., 1973; Kladivko, and Keeney, 1987) in the temperature range of 5
to 35°C. The soil moisture factor ey, is a function of the soil water filled pore
space (WFPS) (Lafolie et al., 1997).

ew=[(6-6w)/(Blo-6w)]* when 6<8lo;
ew=1 when 8l0<8<6ho;
e,=0.6 +(1-0.6)[(Bs-6)/(Bs-6ho)]* when 6>6ho;

where 8s, 6ho, 6lo, and 6w are WFPS at saturation (WFPS=1), 60% and 50% of
WEFPS, and WFPS at wilting point, respectively.

In the model presented by Cameron and Kowalenko (1976), the interaction

effect of temperature and moisture was also considered in the equation, and the



relationship between the mineralization rate constant k and the environmental

factors is expressed as:
k=10"°(-2.655 + 0.01943T6 - 0.2064T + 0.16066)

where T is the soil temperature in Celsius, and 8 is soil gravimetric water content

(9/g9) in percentage.

1.5 Nitrogen Cycling in the Soil

1.5.1 Immobilization

The C:N ratio of a substrate is considered the most critical factor controlling
mineralization/immobilization (Foth and Ellis, 1996). The C:N ratio of soil organic
matter is relatively constant. When substrates with a wide C:N ratio (> 25:1) are
applied, soil C/N balance is destroyed, and the heterotrophic microorganisms
have to accumulate mineral N due to the N deficiency in these substrates. The

process of conversion of the mineral N into organic N is called immobilization.

After application of N fertilizers like urea and ammonium salts,
immobilization dominated over mineralization for a few days (Overrein, 1967;
Overrein, 1972). Addition of 250 kg N ha*increased the humus total N content
from 1.4 to 2%, and the net N mineralization for plots treated with urea or
ammonium salts was about twice that of the plots without fertilizer application,
because the immobilized fertilizer N was more active than native organic N
(Williams, 1972).

1.5.2 Nitrification

In aerobic soils, NH,4" is oxidized by chemoautotrophic bacteria or Archaea,
and converted to nitrite (NOz'), and eventually to NOg3'. This process is called
nitrification (Foth and Ellis, 1996). Two steps are involved in this process. The

first step is to oxidize the NH;" to NO," as follows:
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2 NHg" + 30, =2 NOy +2H,0 + 4H"

Bacteria of the genus Nitrosomonas and several other bacteria are responsible
for this conversion. This step produces protons and is considered a natural soill
acidification process. The second step is conversion from NO, to NO3™ by
Nitrobacter as follows:

2NO, + O, = 2NO3’

Ammonium is immobile in the soil because it is commonly adsorbed on the
surface of clay minerals or fixed in between the layers of clay minerals, and NH;"
is readily available for plant uptake. However, NO3 is subject to loss from soils by
leaching or denitrification. Thus, a low rate of nitrification is desirable from the
stand point of increasing fertilizer use efficiency and improving groundwater

quality.

The primary factors that control nitrification in soil are temperature, moisture,
pH, NH," concentration and the use of nitrification inhibitors. Generally,
nitrification rates increase with temperature from 0 to 30 °C. The activities of
nitrifying bacteria cease below 0 °C (Sabey et al., 1959; Malhi and McGill, 1981)
and perform very slowly when the soil temperature is below 5 °C (Brady and Well,
2008). The optimum temperature for nitrification is generally between 20 to 30 °C
(Brady and Weil, 2008). Malhi and McGill (1981) found that nitrification rate was
maximized at 20 °C and ceased at 30 °C in soils from central Alberta. However,
Russell et al. (1925) reported a maximum nitrification rate at 37 °C and that
activity ceased at 55 °C. Sabey et al. (1959) found that the specific impact of
temperature on soil nitrification was largely dependent on the climatic zone of the

study.

The optimum soil moisture content for nitrifying bacteria is about the same
as the optimum moisture for plant growth, which is about 60% WFPS (Brady and
Weil, 2008). However, the optimum maoisture for nitrification differs slightly among
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soils (Parton et al., 1996). Below the optimum soil moisture, nitrification rate
declines as soil moisture decreases (Malhi and McGill, 1982; Gilmour, 1984;
Parton et al., 1996). When soll is too wet, nitrification is not appreciable due to
the shortage of O, in the soil system (Miller and Johnson, 1964; Malhi and McGill,
1982).

The effect of soil pH on nitrification rate is significant. Nitrification generally
increased with soil pH over the range of 4.9 to 7.2 (Gilmour, 1984). Dancer et al.
(1973) reported that nitrification rates were similar for pH from 5.3 to 6.6, but

significantly decreased at pH 4.7.

Besides temperature, moisture and soil pH, the abundance of NH," present
in the soil also plays an important role in the activities of nitrifying
microorganisms. Malhi and McGill (1982) indicated that an increase in nitrification
rate was observed when NH,*-N concentration increased from 50 to 200 pg-g™
soil, but nitrification rate decreased when the NH,;*-N concentration increased to

300 pg-g™* soil due to the combined effect of low pH and high salt content.

As indicated previously, a low rate of nitrification is desirable because NO3
is more mobile and prone to loss through leaching or denitrification. Frozen
temperatures, a long dry season, extremely low pH, or absence of NH," all can
lead to low nitrification rates. However, none of these conditions are favorable for
plant growth. Conversely, most factors that favor optimum plant growth also favor
nitrification. Therefore, to slow nitrification rates under these conditions,
chemicals that can inhibit the nitrification process are sometimes used. These
chemicals are called nitrification inhibitors (NIs), and they can kill or interfere with
the metabolism of nitrifying bacteria and prevent the conversion from NH," to
NO;", thereby reducing nitrate leaching potential and increasing N fertilizer use
efficiency. Many studies have reported an increase in corn yield with the
application of NIs (Malzer et al., 1979; Hoeft, 1984; Nelson and Huber, 1992;
Wolt, 2004). However, the effectiveness of NIs can be influenced by different soil

properties, environmental factors and application techniques. For example,
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nitrapyrin [2-chloro-6-(trichloromethyl) pyridine], the most commonly used NI in
US, is generally less effective on soils with a high soil organic matter content
(Hendrickson and Keeney, 1979; Chancy and Kamprath, 1987; Wolt, 2000), or at
high temperatures (Bundy and Bremner,1973; Touchton et al., 1979).

1.5.3 Denitrification

Denitrification is the process of reducing NO3™ to gaseous N forms such as
nitric oxide (NO), nitrous oxide (N2O), and nitrogen gas (N,). This process occurs
under an anaerobic environment where bacteria use NO3™ as a terminal electron
acceptor during respiration in the absence of O,. Denitrification is favored in
anaerobic, warm, near-neutral soils containing adequate carbon and substrate
sources (Keeney, 1980). Denitrification is an important N loss process in poorly
drained surface soils of forests with high nitrification rates (Davidson and Swank,
1987).

In general, denitrification is favored by high soil moisture content, high soll
temperature, a low rate of oxygen diffusion as well as the presence of soluble

organic matter and NO3™ (Luo et al., 1999).

Soil moisture content can markedly affect gaseous N loss (Myrold, 1988;
Jarvis et al., 1991; de Klein and van Logtestijn, 1994). These studies showed that
above a critical soil water threshold, denitrification rates increased sharply with
increased soil water content. Below that, soil moisture content does not appear to
be the predominant control factor (Pilot and Patrick, 1972; Klemedtsson et al.,
1991). According to a model by Davidson (1991), N,O is primarily derived from
denitrification at 60 to 80% WFPS due to decreased O, supply. Liu et al. (2007)
reported that N loss rates were increased by a factor of 1.63 at 75% WFPS
compared to 60% WFPS in a clay loam soil. Temperature is also an important
factor controlling denitrification rates. Increase in temperature has both a direct
and an indirect effect on denitrification rates (Smith and Arah, 1990).

Temperature directly affects denitrification rates following the Arrhenius equation,


http://europepmc.org/abstract/AGR/IND20484328/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A30736,30737
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nitrate-N loss from drainage tiles was as high as 70 kg ha™ (Kladivko, 2001)
which is approximately one third of the typical N fertilizer application rate. When a
heavy rainfall happens after several weeks of high temperature (>25 °C), large
amounts of mineralized soil N and fertilizer N can be lost from the crop root zone
via leaching and or denitrification, resulting in a significant loss of soil N supply in
the field. Some studies suggest that combining soil N mineralization potential and
pre-plant soil mineral N content increased correlation coefficients between
laboratory mineralization estimates and field soil N supply indices (Stanford et al.,
1977; Kuo et al., 1996; Carpenter-Boggs et al., 2000). However, pre-plant soil
mineral N content is highly sensitive to the sampling date (McTaggart and Smith
1993; Zebarth and Paul 1997). Therefore, it might not be reliable to use the pre-
plant soil mineral N content as a predictive test for fertilizer recommendations,
especially in humid environments where the NO3™-N concentrations in the soil

change rapidly over time (Sharifi et al., 2007b).

Figure 2.7 also clearly showed for most soils the variability in soil N supply
measured in the field was greater than the variability in soil N supply measured in
the laboratory. The variability of field soil N supply among years indicates that
weather is the most important factor that impacts soil N mineralization in the field.
In a study established in potato trials located in New Brunswick and Prince
Edward Island, Canada and Maine, USA. Sharifi et al. (2007b) compared No, k,
and Np X k predicted from laboratory incubation methods with the field soil N
supply estimated from plant N uptake without fertilizer application (PNUoy),
PNUon plus mineral N content in the top 30cm depth of soil at harvest
(PNUgntSMNNh), or relative yield. Similar to our results, they found little
correlation between Ny and any field-based indices of soil N supply. Although the
k and Ng X k were significantly correlated with PNUgy and PNUon+SMND
(r=0.54-0.67) for the 2004-2005 data, the relationship between these
mineralization parameters and the indices of field soil N supply was weak

(r=0.13-0.39) due to the large yearly variation in field soil N supply.
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2.5 Conclusions

When comparing two long-term aerobic incubation methods, the static cup
incubation method required less incubation time for the prediction of soil N
mineralization potential, and the measured mineralized N with this method was
better correlated to plant N uptake measured under greenhouse conditions.
Several short-term chemical indices showed promises in predicting soil N
mineralization potentials as well, most notably ISNT, hot KCI| and anaerobic N.
However, there were difficulties in extrapolating results from laboratory
incubations to field scale where weather factors and other N transformation and
loss processes play a more important role in controlling soil N supply. Therefore,
to better predict field soil N supply, a weather-driven model should be developed
to incorporate soil surface and subsurface N mineralization potentials with crop
growth and N uptake parameters and N transformation and loss mechanisms.
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Table 2.1 Selected properties of eight Indiana soils collected at 0-30 cm depth of the Ap horizon.

Soil Taxonomic class pH' OM* Texture®
Clay Silt Sand
gkg™
Chalmers Fine-silty, mixed, superactive, mesic Typic Endoaquoll 6.7 42 410 470 120
Raub Fine-silty, mixed, superactive, mesic Aquic Argiudoll 6.4 27 270 490 240
Blount Fine, illitic, mesic Aeric Epiaqualf 6.4 26 330 520 150
Pewamo Fine, mixed, active, mesic Typic Argiaquoll 6.3 39 490 410 100
Pinhook Coarse-loamy, mixed, superactive, mesic Mollic Endoaqualfs 6.5 24 190 310 500
Tracy Coarse-loamy, mixed, active, mesic Ultic Hapludalfs 6.3 16 170 270 560
Cincinnati Fine-silty, mixed, active, mesic Oxyaquic Fragiudalf 53 17 250 430 320
Cobbsfork Fine-silty, mixed, active, mesic Fragic Glossaqualf 59 19 210 570 220

" Measured with a glass electrode from a 1:1 soil/water suspension
* OM = Soil organic matter determined by loss-on-ignition method (Ball, 1964).
SDetermined using the dispersion and sedimentation procedure described by Jackson, 1958

V.



Table 2.2 Predominant soil series and taxonomic class of soils for seven sites

75

Location Soil Series and Taxonomic class
ACRE  Chalmers: Fine-silty, mixed, superactive, mesic Typic Endoaquoll
Raub: Fine-silty, mixed, superactive, mesic Aquic Argiudoll
DPAC Blount: Fine, illitic, mesic Aeric Epiaqualf
Pewamo: Fine, mixed, active, mesic Typic Argiaquoll
NEPAC Rawson: Fine-loamy, mixed, active, mesic Oxyaquic Hapludalf
Haskins: Fine-loamy, mixed, active, mesic Aeric Epiaqualf
PPAC  Sebewa: Fine-loamy over sandy or sandy-skeletal, mixed,
superactive, mesic Typic Argiaquoll
SEPAC Cobbsfork: Fine-silty, mixed, active, mesic Fragic Glossaqualf
SWPAC Ade: Coarse-loamy, mixed, superactive, mesic Lamellic Argiudoll
Lyles: Coarse-loamy, mixed, superactive, mesic Typic Endoaquoll
TPAC  Toronto: Fine-silty, mixed, superactive, mesic udollic Epiaqualf
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Table 2.3 Properties of soils collected at four depths (0 to 15, 15 to 30, 30 to 45,

and 45 to 60cm) from seven sites in Indiana.

. . . Texture®

Soil Depth  pH oM Clay Silt Sand
cm g kg™

0-15 6.5 36 350 470 190
Chalmers- 15-30 7.6 37 380 440 190
Raub 30-45 6.2 25 400 450 160
45-60 6.4 25 360 450 200
0-15 7.1 36 410 430 170
Blount- 15-30 7.8 31 450 400 160
Pewamo 30-45 7.9 30 440 400 170
45-60 8.0 25 500 330 180
0-15 6.4 25 270 320 420
Rawson- 15-30 6.8 21 340 290 380
Haskins 30-45 7.3 17 380 230 400
45-60 7.9 19 420 220 370
0-15 6.6 32 270 280 460
Sebewa 15-30 6.4 31 320 280 410
30-45 6.6 23 320 300 390
45-60 6.9 17 300 280 430
0-15 6.2 23 240 630 130
Cobbsfork 15-30 5.8 20 320 580 110
30-45 5.7 19 320 580 110
45-60 5.5 19 310 540 160
0-15 6.4 14 110 200 700
Ade-Lyles 15-30 6.9 10 100 210 700
30-45 7.0 04 100 190 710
45-60 7.0 06 120 190 700
0-15 6.2 24 230 580 200
Toronto 15-30 5.7 22 310 540 160
30-45 5.6 19 320 430 260
45-60 5.6 22 370 410 230

T Measured with a glass electrode from a 1:1 soil/water suspension.

* OM = Soil organic matter determined by loss-on-ignition method (Ball, 1964).
SDetermined using the dispersion and sedimentation procedure described by

Jackson (1958).
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Table 2.4 The cumulative amount of nitrogen (NO3-N and NH4"-N) mineralized
by eight soils during the 16 week incubation for the leaching incubation
and static cup incubation methods.

Soil Leaching incubation Static cup incubation
o NH,-N NOs-N Total NH;-N NOs-N Total

mg kg™ soil
Chalmers  0.4a’ 34c 35b 0.7ab  46e 47e
Raub 0.7a 28d 29c 2.2a 53d 55d
Blount 0.3a 44a 45a 1.0ab 72a 73a

Pewamo 0.6a 41b 42a 0.6ab 67ab 68ab
Pinhook 0.3a 34c 35b 0.6ab 61c 62c
Tracy 0.5a 42ab 42a 1.4ab 63bc 65bc
Cincinnati 0.5a 43ab 44a 0.7ab 49de 50de
Cobbsfork 0.6a 33c 33b 0.2b 66bc 66bc

" Numbers followed by the same letter are not significantly different (p>0.05).

Table 2.5 Root mean square errors for zero-order and first-order models fitted to
N mineralization data obtained for the leaching incubation and static
cup incubation methods.

Soil Leaching incubation Static cup incubation
i
Zero-order First-order Zero-order First-order
Chalmers 0.7 1.6 3.3 2.5
Raub 0.9 0.7 2.8 2.4
Blount 1.7 53 3.6 2.3
Pewamo 0.4 1.6 3.1 2.4
Pinhook 1.2 2.9 3.8 3.1
Tracy 1.6 4.1 2.3 2.0
Cincinnati 0.7 0.4 1.9 1.1

Cobbsfork 0.5 1.9 4.4 2.7




Table 2.7 Predicted Ny and K values of four depth for seven soils '. The relative contribution from the top soil (0-15cm)

was indicated.

0-15cm 15-30cm 30-45cm 45-60cm on i
. Sum of /0 1n
Soil No No No N N top Ave. k
No k X No k X No k X No k X 0 |ayer§
k K K k
Chsgﬂﬁrs' 57ab®  0.2083 12 47 01240 6 29 01077 3 41 00361 1 175ab 33 0.1190b
Blount- ¢, 0.2469 15 47 02394 11 41 0.1876 8 37 01873 7  183a 33 0.2153a
Pewamo
Rawson-
e Rine  60ab 0.1651 10 29 02009 6 30 02240 7 28 00941 3  151bc 41  0.1710ab
Sebewa 67a 0.1118 7 31 01897 6 22 01379 3 20 01016 2  14ic 48 0.1352b
Cobbsfork  68a 0.2286 16 30 02077 6 27 00724 2 16 00762 1  142c 48 0.1462b
Ade-Lyles  63a 0.1520 10 30 02542 8 20 0.0830 2 18 01851 3  13lcd 48 0.1589b
Toronto 50b 0.1408 7 30 02165 6 20 01709 3 13 01525 2  115d 44  0.1702ab
Average  61A  0.1791a 1 358 0.1991a 7b 27C  0.14058 4c 25C  0.1190p 3c 148 42 0.1594

" No is the potentially mineralizable N with a unit of mg kg™, and k is the first order rate constant (week™).

* Numbers followed by the same notation symbol are not significantly different (p>0.05).
% Top layer: 0-15 cm depth; % in top layer=Ny(0-15 cm)/sum of No x 100%

6.
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Figure 2.2 Time course of N mineralization of eight Indiana soils through 16
weeks for the static cup incubation method. The cumulative N values
obtained as a sum of NO3z-N and NH4"-N were mean of three
replicates. Error bars indicate the standard deviation of the mean of

three replicates.



80

60

Mineralized N from laboratory incubation, mg kg'1

® | eaching incubation
v Static cups incubation

y=1.0232x + 6.1599
R?=0.61

30 F ° y=0.4296x + 15.003 |
R?=0.26
20 ' : ' ' '
40 45 50 55 60 65 70

Mineralized N from greenhouse experiment, mg kg'1

84

Figure 2.3 The linear relationship between mineralized nitrogen estimated from

two laboratory incubation methods to greenhouse measurements of
plant nitrogen uptake.
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Figure 2.4 Time course of N mineralization of four depths of soils from seven locations. The cumulative N values obtained
as a sum of NO3™-N and NH;"-N were mean of three replicates. Error bars indicate the standard deviation of the
mean of three replicates. Letters indicate difference in cumulative mineralized N as affected by different
incubation times. Points labeled by the same letter are not significantly different (p>0.05).
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Figure 2.5 Correlation between nitrogen indices and mineralizable N estimated
from long-term static cups incubation.
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Figure 2.7 The relationship between laboratory soil N mineralization estimates
and predicted soil N supply in the field. The horizontal error bars are
the standard deviation of the mean of triplicate measurements of lab
mineralization and the vertical error bars are the standard deviation of
the mean of three years of observations in the field.
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The model estimates the accumulative denitrified N generally increases with
the increasing fertilizer application rates (Table 3.2). The N loss through
denitrification and leaching are also highly dependent on rainfall in that year. For
example, in both 2009 and 2011, 28 kg ha™ N was applied at planting, with 179
kg ha™ sidedressed in early June. In 2011 the field received over 76 mm of rain
on June 20th and another 51 mm on July 1st. These rainfall events resulted in
rapid losses of over 34 kg ha™ N due to leaching based on the estimation of the
model. The total simulated N loss through denitrification and leaching was 123 kg
ha™ in 2011. In 2009, the field received a 66 mm rain on June 1st, but this
occurred prior to sidedressing. So the model estimates 75 kg ha™ N lost through
denitrification and leaching in 2009. Less N loss results in higher crop N uptake.
The model’s estimate of crop N uptake is 304 kg ha™ in 2009 and only 258 kg ha’
1in 2011, while the field-measured grain yield was 14 Mg ha* in 2009 and 12 Mg
ha™in 2011.

The relationship between modeled corn N uptake and measured corn grain
yield was strong (R? > 0.8) across 6 years (Figure 3.4). For each individual site
year, the R? value was greater than 0.97 (Figure 3.3). Additionally, the
relationships between the simulated corn N uptake and measured corn grain
yield were nearly linear with the coefficient for the quadratic term in the equations
lower than 0.0004.

3.5 Conclusion

In general, the strong correlation between the model-simulated N uptake and
field-measured crop yield validated the performance of this N transformation and
loss model. Thus, we believe this N model has the potential to improve the
prediction of optimum in-season fertilizer N rates compared to traditional fertilizer

N recommendation strategies. However, more work still has to be done to
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improve and further validate this model under different soil, weather, and

management conditions.

Further programming is underway to i) incorporate NHs volatilization and
manure N mineralization into the model, ii) calculate net rainfall infiltration based
on variations in topography and soils, iii) test the model across different soil and
climatic conditions and iv) add more crops (corn and winter wheat are the only

crops currently programmed).



104

3.6 Reference

Allen, R. G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration:
guidelines for computing crop water requirements. FAO Irrigation and

Drainage Paper No. 56. Rome, Italy.

Antonopoulos, A.Z. 1999. Comparison of different models to simulate soil
temperature and moisture effects on nitrogen mineralization in the soil. J.
Plant Nutr. Soil Sci. 162: 667-675.

Barton, L., C.D.A. McLay, L.A. Schipper, and C.T. Smith. 1999. Annual
denitrification rates in agricultural and forest soils: a review. Aust. J. Soil Res.
37:1073-1093.

Bergstrom, L., H. Johnsson, and G. Torstensson. 1991. Simulation of soil

nitrogen dynamics using the SOILN model. Fert. Res. 27: 181-188.

Brady, N.C., and R.R. Weil. 2008. Nitrogen and sulfur economy of soils. p. 543-
593. In Brady, N.C., and R.R. Well (ed.) The nature and properties of soils.

Prentice Hall, New Jersey.

Broadbent, F.F. 1984. Plant use of soil nitrogen. p. 171-182. In R.D. Haulk (ed.)
Nitrogen in crop production. ASA, CSSA, and SSSA, Madison WI.

Bundy, L.G., and T.W. Andraski. 1995. Soil yield potential effects on performance
of soil nitrate tests. J. Product. Agric. 8: 561-568.

Cameron, D.R., and C.G. Kowalenko. 1976. Modeling nitrogen processes in soil:
mathematical development and relationships. Can. J. Soil Sci. 56: 71-78.

Dancer, W.S., L.A. Peterson, and G. Chesters. 1973. Ammonification and
nitrification of nitrogen as influenced by soil pH and previous N treatments.
Soil Sci. Soc. Am. J. 37: 67-69.



105

Das, B.S., G.J. Kluitenberg, and G.M. Pierzynski. 1995. Temperature
dependence of nitrogen mineralization rate constant: A theoretical approach.
Soil Sci. 159: 294-300.

Foth, H.D., and B.G. Ellis. 1996. Soll fertility. p. 115-144. 2nd edition. CRC Press,
Boca Raton, FL.

Genermont, S., and P. Cellier. 1997. A mechanistic model for estimating
ammonia volatilization from slurry applied to bare soil. Agric. For. Meteorol.
88: 145-167.

Gilmour, J.T. 1984. The effects of soil properties on nitrification and nitrification
inhibition. Soil Sci. Soc. Am. J. 48: 1262-1266.

Hansen, S., H.E. Jensen, N.E. Nielsen, and H. Svendsen. 1991. Simulation of
nitrogen dynamics and biomass production in winter wheat using the Danish
simulation model DAISY. Fert. Res. 27: 245-259.

Johnsson Holger, Leif Klemedtsson, Asa Nilsson, and B.H. Svensson. 1991.
Simulation of field scale denitrification losses from soils under grass ley and
barley. Plant and Soil 138: 287-302.

Kachonoski, R.G., G.L. Fairchild, and E.G. Beauchamp. 1996. Yield indices for
corn response to applied fertilizer: application in site-specific crop
management. In: Robert, P.C., R.H. Rust, and W.E. Larson (ed.). Third
International Conference on Precision Agriculture. Precision Agriculture,
425-432. Madison, WI, ASA, CSSA, and SSSA.

Keeney, D.R. 1980. Nitrogen availability indexes. In: R.H. Miller (ed.) Methods of
soil analysis (rev). Part 3. Microbiological properties. Am. Soc. Agron. Inc,
Madison, WI.



106

Kirk, G.J.D., and P.H. Nye. 1991. A model of ammonia volatilization from applied
urea. V. The effects of steady-state drainage and evaporation. J. Soil Sci. 42:
103-113.

Kladivko, E.J., and D.R. Keeney. 1987. Soil nitrogen mineralization as affected

by water and temperature interactions. Biol. Fertil. Soils 5: 248-252.

Klemedtsson, L., S. Simkins, B.H. Svensson, H. Johnsson, and T. Rosswall.
1991. Soll denitrification in three cropping systems characterized by
differences in nitrogen and carbon supply. Plant Soil 138: 273-286.

Lory, J.A., and P.C. Scharf. 2003. Yield goal versus delta yield for predicting
fertilizer nitrogen need in corn. Agron. J. 95: 994-999.

Malhi, S.S., and W.B. McGill. 1982. Nitrification in three Alberta soils: effect of
temperature, moisture and substrate concentration. Soil Biol. Biochem. 14:
393-399.

Mamo, M., G.L. Malzer, D.J. Mulla, D.R. Huggins, and J. Strock. 2003. Spatial
and temporal variation in economically optimum nitrogen rate for corn. Agron.
J. 95: 958-964.

Miller, R.D., and D.D. Johnson. 1964. The effect of soil moisture tension on
carbon dioxide evolution, nitrification, and nitrogen mineralization. Soil Sci.
Soc. Am. Proc. 28: 644-647.

Myers, R.J.K., C.A. Campbell, and K.L. Weir. 1982. Quantitative relationship
between net nitrogen mineralization and moisture content of soil. Can. J. Soil
Sci. 62: 111-124.

Parton W.J., A.R. Mosier, D.S. Ojima, D.W. Valentine, D.S. Schimel, K.Weler,
and A.E. Kulmala. 1996. Generalized model for N2 and N20O production from

nitrification and denitrification. Global Biogeochemical Cycles 10: 401-412.



107

Pilot, L., and W.H. Patrick. 1972. Nitrate reduction in soils: effect of soil moisture
tension. Soil Sci. 114: 312-316.

Rachhpal-Singh, and P.H. Nye. 1986. A model of ammonia volatilization from
applied urea. I. Development of the model. J. Soil Sci. 37: 9-20.

Ros, G.H., M.C. Hanegraaf, E. Hoffland, and W.H. van Riemsdijk. 2011.
Predicting soil nitrogen mineralization: Relevance of organic matter fractions
and soil properties. Soil Biol. Biochem. 43: 1714-1722.

Sabey, B.R., L.R. Frederick, and W.V. Bartholomew. 1959. The formation of
nitrate from ammonium nitrogen in soils: 11l influence of temperature and
initial population of nitrifying organisms on the maximum rate and delay
period. Soil Sci. Soc. Am. Proc. 23: 462-465.

Salazar, O., I. Wesstrom, M.A. Youssef, R.W. Skaggs, and A. Joel. 2009.
Evaluation of the DRAINMOD-N Il model for predicting nitrogen losses in a
loamy sand under cultivation in south-east Sweden. Agric. Water Manage.
96: 267-281.

Sawyer, J., E. Nafziger, G.W. Randall, L.G. Bundy, G. Rehm, and B.C. Joern.
2006. Concepts and rationale for regional nitrogen rate guidelines for corn.
PM2015. lowa State Univ. Ext. Ames.

Scharf, P.C., N.R. Kitchen, K.A. Sudduth, and J.G. Davis. 2006. Spatially
variable corn yield is a weak predictor of optimal nitrogen rate. Soil Sci. Soc.
Am. J. 70: 2154-2160.

Sogaard H.T., S.G. Sommer, N.J. Hutchings, J.F.M. Huijsmans, D.W. Bussink,
and F. Nicholson. 2002. Ammonia volatilization from field-applied animal
slurry-the ALFAM model. Atmospheric Environment 36: 3309-3319.

Stanford, G., M.H. Frere, amd D.H. Schwaninger. 1973. Temperature coefficient

of soil nitrogen mineralization. Soil Sci. 115: 121-123.



108

Stanford, G., and S.J. Smith. 1972. Nitrogen minerialization potentials of soils.
Soil Sci. Soc. Am. Proc. 36: 465-472.

Thorp, K.R., M.A. Youssef, D.B. Jaynes, R.W. Malone, and L. Ma. 2009.
DRAINMOD-N II: Evaluated for an agricultural system in lowa and compared
to RZWQM-DSSAT. Trans. ASABE 52: 1557-1573.

Vanotti, M.B., and L.G. Bundy. 1994. An alternative rationale for corn nitrogen

fertilizer recommendations. J. Product. Agric. 7: 243-248.

Vitosh, M.L., J.W. Johnson, and D.B. Mengel. 1995. The tri-state fertilizer
recommendations for corn, soybeans, wheat and alfalfa. Ext. Bull. E-2567.
Michigan State Univ., East Lansing; The Ohio State Univ., Columbus; and
Purdue Univ., West Lafayette, IN.

Youssef, M.A., R.W. Skaggs, G.M. Chescheir, and J.W. Gilliam. 2005. The
nitrogen simulation model, DRAINMOD-N II. Trans. ASAE 48: 611-626.

Youssef, M.A., R.W. Skaggs, G.M. Chescheir, and J.W. Gilliam. 2006. Field
evaluation of a model for predicting nitrogen losses from drained lands. J.
Environ. Qual. 35: 2026-2042.



109

Table 3.1 Summary of model parameter inputs.

Soil Parameter’
Bulk Soil

Depth  Clay ~ Silt  HOu" AWC' oo OM  TF K
in % % Infin Infin mg cm™ % um sec
13 31 59 0.23 0.19 1.4 4.5 6.7 9.17
30 34 56 0.23 0.19 1.5 2 7.2 9.17
45 19 40 0.13 0.14 1.6 075 7.2 9.17
60 15 40 0.11 0.14 1.8 0.75 7.9 0.92

Crop and Management Parameter Crop N Uptake Function
N Uptak
Crop Corn GDD-C ggt:ﬂ €
Growing Season 120 days 0-278 0.0605
Projected Yield 200 units/A 278-556 0.4234
Rooting Depth 3 feet 556-833 0.2822
Starting Residue 30% 833-1111 0.2016
1111-1389 0.1008
1389-1528 0.1008
Nitrogen Transformation Parameter
Optimum Threshold Optimum WFPS
= Temp. WEPS Range
Day™ "C cm® cm™ cm® cm™

Mineralization - 25 - 0.5-0.6
Nitrification 18% 30 - 0.6

Denitrification 7.5% 30 0.6 -

T Source of soil parameter data is NRCS Soil Data Mart.

* Volumetric soil water content at wilting point.

$ Available water capacity.

TCrop N uptake rates are in kg ha™ of N per centigrade growing degree.
cle considered in this model.
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Table 3.2 Nitrogen model predictions at various fertilizer nitrogen rates from 2006
to 2011 at ACRE (Unit: kg ha™).

Year FertiN' Min.N" UptakeN' DenitriN" LeachN' Nitrate’ Ammonium’
2006 28 173 149 12 39 0 1
2006 73 173 196 15 34 0 1
2006 118 173 239 17 34 0 0
2006 163 173 282 20 34 0 0
2006 207 173 310 22 34 15 0
2006 252 173 310 25 34 56 0
2007 28 173 158 13 29 0 1
2007 73 173 205 16 25 0 0
2007 118 173 247 19 25 0 0
2007 163 173 291 20 25 0 0
2007 207 173 310 21 25 25 0
2007 252 173 310 22 25 68 0
2008 28 173 148 8 44 0 1
2008 73 173 195 11 40 0 0
2008 118 173 236 16 39 0 0
2008 163 173 276 21 39 0 0
2008 207 173 313 26 39 3 0
2008 252 173 313 29 39 44 0
2009 28 173 135 5 58 0 4
2009 73 173 182 9 53 0 2
2009 118 173 222 14 53 0 2
2009 163 173 263 18 53 0 2
2009 207 173 304 22 53 0 2
2009 252 173 304 27 53 41 2
2010 28 173 153 8 34 5 1
2010 73 173 194 10 36 5 1
2010 118 173 224 14 48 5 1
2010 163 173 254 22 54 5 1
2010 207 173 280 36 59 5 1
2010 252 173 303 53 64 5 1
2011 28 173 141 13 46 0 1
2011 73 173 175 17 54 0 0
2011 118 173 206 25 61 0 0
2011 163 173 233 35 67 0 0
2011 207 173 258 50 73 0 0
2011 252 173 280 66 79 0 0

Ferti.N is fertilizer N application rate. Min.N is model predicted cumulative
mineralized N. UptakeN is model simulated crop N uptake. Denitri.N is model
predicted cumulative denitrified N. LeachN is model predicted total leached N.
Nitrate and Ammonium are predicted NOs-N and NH4"-N concentrations in soils

at the end of each year.
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Figure 3.1 The N cycle considered in this model.
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4.2 Forms of Potassium

Potassium exists in soil in four forms: structural K, nonexchangeable K,
exchangeable K, and solution K. Although these four forms can be measured
separately with different analytical techniques, they are not clearly defined in the
soil.

4.2.1 Structural Potassium

Structural or mineral K is defined as K that is bonded within the crystalline
structure of K-bearing minerals. The mineral K content of soils depends on the
structure and composition of parent rocks (Malavato, 1985; Sparks and Huang,
1985). Generally, igneous rocks have greater mineral K contents than
sedimentary rocks. Among igneous rocks, the early formed basalts have mineral
K contents of approximately 7 g K kg, while later-formed igneous rocks such as
micas and K-feldspars are the primary sources of K-bearing minerals with more
than 70 g K kg™ (Malavato, 1985). The mineral K content of sedimentary rocks
also varies, from approximately 6 g K kg™ in limestone to about 30 g K kg™ in

clayey shale (Malavato, 1985).

Indiana soils are developed under different parent materials, so the K
content varies according to the nature of the parent rocks. The northern area of
Indiana, affected by either the Wisconsin or lllinois glaciation, has high amounts
of micaceaous clay minerals. However, in the southern area of Indiana, the
parent rocks are mainly limestone and sandstone, and therefore have lower K

contents in the soil.

4.2.2 Nonexchangeable Potassium

Nonexchangeable K, often referred to as fixed K or interlayer K, is held
between the layers of micaceous clay minerals. Although nonexchangeable K is
not immediately accessible for plant uptake, it is still considered as the main K
reserve of the soil, because nonexchangeable K can become an important K
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source for crop nutrition when exchangeable and solution K are depleted by crop

uptake or leaching.

The amount of nonexchangeable K in soil is influenced by the types and
guantities of clay minerals, particle size, and fixation or release of K in the
minerals (Kirkman et al., 1994). Clay type is considered the dominant factor
affecting the nonexchangeable K content in the soil. Generally, micas and
vermiculites contain greater amounts of nonexchangeable K than kaolinites and
smectites (Arifin et al., 1973; Shaviv et al., 1985; Goli-Kalanpa et al., 2008). A
significant positive relationship between nonexchangeable K and illite content
was found by Rezapour et al. (2009). Particle size also has an impact on
nonexchangeable K content (MacLean and Brydon, 1963; Munn et al., 1976).
The average amount of nonexchangeable K in the clay fraction can be 16 times
greater than in the silt or sand fractions (Al-Kanani et al., 1984). Thus, most K
fixation studies have focused on the clay fraction. However, Murashkina et al.
(2007) argued in their study that the silt fraction could also dominate fixation of
added K.

4.2.3 Exchangeable Potassium

Exchangeable K is held by electrostatic bonds at the edge and surface
positions of clay minerals as well as humus colloids. The exchange sites on clay
minerals resulting from isomorphic substitution are relatively constant. Due to the
protonation or deprotonation of reactive functional groups such as phenols and

carboxylic acids, the negative charges on humus colloids are pH dependent.

Exchangeable K is closely related to soil cation exchange capacity (CEC)
with a range of 10 to 400 mg K kg™ (Kirkman et al., 1994). Soils with large
amounts of vermiculite or mica, and high organic matter content are generally

high in exchangeable K content.
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4.2.4 Solution Potassium

Solution K is the form that can be readily used by plants or leached. Solution
K level is low (3 to 170 ug mL™) when compared to soil total K (Kover and Barber,
1990; Brouder et al., 2003) and it is also subject to leaching. In many soils,
solution K content is not sufficient for plants to grow. However, solution K can be
replenished from exchangeable and nonexchangeable K forms. The release of K
to the surrounding soil water is characterized as a rapid release from the
exchange sites followed by a slow release from the edge and interlayer (Dihillon
and Dhillon, 1990; Jalali, 2006). Cox and Joern (1997) found that
nonexchangeable K release by NaBPh, occurred in 96 h. Martin and Sparks
(1983) reported that, when equilibrated with H-saturated resin, K release from

soils was complete in about 40 days.

4.3 The Potassium Cycle

The amount of K present in each form at a given period of time is not fixed.
Changes among K forms occur with plant uptake, fertilizer addition, leaching
losses, release/fixation processes and so on. However, only solution K is readily
available for plant uptake. Thus, many studies have investigated the

transformation processes that determine K availability to plants.

4.3.1 Weathering/Formation

Mineral K is the primary form of K occurring in the soil and is not instantly
available for plant uptake. Release of K from these parent rocks follows the
process of weathering. The weathering process is influenced by the composition
and structure of the primary minerals, particle size distribution, environmental
factors, biological activity, etc. (Sparks and Huang, 1985). For example, biotites
weather easily, while feldspars weather slowly (Kirkman et al., 1994). The K
release rate from larger particles is greater than from smaller particles unless at

later stages of K depletion or from clay-size micas (Sparks and Huang, 1985).
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Both high temperature and biological activity increase K release rate (Sparks and
Huang, 1985).

The general weathering sequence of K-bearing minerals is that mica
weathers to illite (hydrous mica), and eventually vermiculite or smectite. Along
this weathering sequence, water content, specific surface area and cation
exchange capacity increase, while K content decreases from approximately 10%
to less than 1% in these minerals (Kirkman et al., 1994). Potassium releases

from the mineral crystalline structure into the surrounding soil water.

4.3.2 Release/Fixation

Potassium ions can be entrapped in the ditrigonal cavities of the facing
interlayer oxygens between the unit cells of 2:1 layer silicates due to the
geometry of the fixation sites and the size of K* ions. This fixation can decrease
the amount of K immediate availability to the plants. However, it is not permanent,
because interlayer K release occurs when exchangeable K and solution K are

depleted by crop uptake or leaching.

The release or fixation of K is a complex process, and its mechanism is not
well understood. According to Steffen and Sparks (1997), factors that affect
fixation and release of soil K include the type of clay, the occurrence of
wetting/drying and freezing/thawing, and factors that can affect solution K levels

such as fertilizer input, plant uptake, and leaching loss.

4.3.2.1 Type of Clay

The type of clay mineral is considered to be the dominant factor that
determines the extent of K fixation. Many researchers have indicated that soils
with more illites and vermiculites have greater K fixation capacity (Arifin et al.,
1973; Shaviv et al., 1985; Goli-Kalanpa et al., 2008). Goli-Kalanpa et al. (2008)
found that in soils with large amounts of smectites, a greater quantity of added K

remained in solution. Sorption of K by vermiculite causes the collapse in the
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alternate layers and results in the formation of regularly interstratified mica-
vermiculite layers (Sawhney, 1971). Interstratification in clay minerals is known
as more than one kind of layer silicates that stack along the direction
perpendicular to the basal plane (Sawhney, 1989). The interstratified clay

minerals are abundant in the clay and silt fraction of soils and sediments.

The kinetics of nonexchangeable K release also depends on the relative
amounts of different K-bearing minerals. The nonexchangeable K release rate
from mica and vermiculite is diffusion-controlled (Dhillon and Dhillon, 1989; Cox
and Joern, 1997; Jalali, 2006), while the K release rate from biotite fits a first-
order model or a zero-order model depending on the extraction methods (Martin
and Sparks, 1983; Dhillon and Dhillon, 1989). Additionally, the release rate of
nonexchangeable K was found to be particle size dependent (Cox and Joern,
1997).

4.3.2.2 Wetting /Drying and Freezing/Thawing Effects

Drying of soils has been found to cause both fixation and release of K. Vitko
et al. (2009) investigated the effects of different drying methods (moist, air-dry,
and oven-dry) on the soil test K (STK) level of soil samples under different K
fertilizer rate treatments. Soil samples with an initial STK level greater than 100
mg kg™ showed a significant decrease in STK after both air- and oven-drying,
which indicated fixation of K upon drying. Jones et al. (1960) dried samples at
110°C for 24 hours, and found the amount of exchangeable K either increased or
decreased depending on the soil type. Cook and Hutcheson (1960) concluded
that drying effects on STK levels depend on the initial exchangeable K
concentrations in the soil. When the initial exchangeable K was high, fixation
occurred upon drying; while when the initial exchangeable K was low, release

was observed.

However the mechanisms driving wetting/drying effects on STK have not

been well studied. Sparks and Huang (1985) postulated that the degree of
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rotation of soil minerals changed upon drying, which caused changes in the K-O
bond. Cook and Hutcheson (1960) found that soils with low K-supplying potential
required more heating temperature for the clay minerals to collapse, which
explained why release occurred upon drying when the initial exchangeable K was
low (Cook and Hutcheson, 1960).

Similar effects of freezing/thawing on soil exchangeable content were found
by Fine et al. (1941). They concluded that soils of low fertility that received small
amounts of K fertilizer had an increase in exchangeable K content after freezing
treatment; however, exchangeable K content decreased after the freezing

treatment in soils with a high exchangeable K level.

4.3.2.3 Soil Solution K" and NH,*

When the concentration of K in the soil solution increases from the addition
of fertilizer K or the release of the K from primary minerals by weathering, the
shift in equilibrium may result in the fixation of K by clay minerals. On the other
hand, when the concentration of K in soil solution decreases due to crop removal

or leaching losses, release of K occurs to balance the shift in equilibrium.

Applying N fertilizer in the ammonium (NH;") form as salts or as anhydrous
ammonia (AA) may also affect the fixation or release of K, because NH;" has a
similar ionic radius as K*, and can also be fixed in the interlayer region of 2:1 clay
minerals. Thus, NH," ions compete with K™ for specific fixation sites, as well as
block the release of K. Previous studies found that the order of fertilizer
application is important for the competition of NH," and K for similar fixation sites
(Zhang et al., 2010). If NH," is applied after K*, a decrease in NH,4" fixation and a
reduction in the release of nonexchangeable K was observed (Welch and Scott,
1961; Kilic et al., 1999). However, application of NH4" prior to or at the same time
of K" has been shown to decrease K fixation and increase exchangeable K
concentration in the soil near the fertilizer placement site (Acquaye and Mclean,
1966; Bartlett and Simpson, 1967; Stehouwer and Johnson, 1991; Brouder and
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Cassman, 1994; Kilic et al., 1999). The exchangeable and fixed K concentrations
in soils are also influenced by fertilizer rates. In a study by Chen and Mackenzie
(1992), combinations of four N rates (0, 1, 2, and 3 cmol N kg™ as NH4CI) and
four K rates (0, 1, 2, and 3 cmol K kg™ as KCI) were added to soil samples.
Results showed K fixation was enhanced by increased K rates and decreased by
increased N rates. At greater rates of both NH;" and K fertilizer additions, NH;"
fixation was favored over K*. However, from a long-term standpoint, high K
fertilization rates would decrease soil fixation capacities for both NH,* and K (Liu
et al., 1997; Zhang et al., 2007).The effect of NH,4*-N fertilizer application on K
fixation and release is also influenced by soil clay content. Fine-textured soils
generally have a greater capacity to absorb NH;" than coarse-textured soils
(Jenny et al., 1945; Martin and Chapman, 1951; Stanley and Smith, 1956).
Stehouwer and Johnson (1991) found that the effect of simultaneous injection of
AA and KCI on the distribution of exchangeable and fixed K* was more
pronounced in a silty clay loam soil than in a silt loam soil. In the silty clay loam
soil, compared to injection of KCl alone, injection of AA + KCI significantly
increased exchangeable K* concentration and decreased fixed K* concentration
at the injection point, whereas in the silt loam soil, little effect of the interactions
between AA and KClI fertilizers was shown. Chen and Mackenzie (1992) also
reported variations in fixed K amounts in different soils affected by added NH4Cl
and KCl fertilizers, as the fixed proportion of added K increased with soil clay
content. In addition, the competitive fixation of NH;" and K" is also affected by
the dominate type of clay present in the soil. Bajwa (1987) found that
montmorillonitic clays fix more NH;* compared to K*, while vermiculitic clays fix

both in relatively equal proportions.

4.3.3 Crop K Uptake

Crop K uptake plays an important role in K cycling because large amounts of
K are removed by crops during growth and development. In general, the amount
of K taken up by crops is second only less than N (Korb et al., 2002). For sugar
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beets, K removal can be as high as 515 kg ha™ (CFA, 1995). The K removal rate
varies among crops, ranging from 1.4 to 60 Ib per unit of yield (Table 4.1).
However, the K concentrations in small grains are much less than that in the
straw and roots (Vitosh et al., 1995). Thus, if the crop straw and chaff are left in
the field after harvest, a large portion of K removed by the crop will be returned to

the soil for crops grown the following season.

Mass flow and diffusion are the two dominant mechanisms accounting for K
delivery to crop roots. In soils naturally high in solution K or where fertilizer K has
been applied, considerable amounts of K move to crop roots with water flow.
However, when solution K concentrations are low, mass flow contributes only
about 10% of the required K (Tisdale et al., 1993). Diffusion occurs when there is
a K concentration gradient. Although diffusion only takes place in a small
distance (1 to 4 mm) around roots or out of clay interlayers, it accounts for 88 to
96% of K absorption (Tisdale et al., 1993).

Regardless of the transportation mechanisms, K moving to crop roots
requires sufficient water (Korb et al., 2002). Therefore, moisture is one of the
most important factors that influences crop K uptake. Skogley and Haby (1981)
showed that the quantity of K absorbed by crop roots increased 175% when soill
moisture increased from 10 to 28%. However, when soil moisture is too high,
crop roots cannot function normally due to low O, concentrations in the soil and
K uptake can be reduced by 70% (Tisdale et al., 1993). Temperature also
significantly influences K uptake due to its effects on root activity and plant
physiological processes (Korb et al., 2002). Ching and Barber (1979) reported
that total K uptake by corn was 2.6 times greater at 29 °C compared with total K
uptake at 15 °C. In the same study, root growth significantly increased with
increased temperature. Deeper rooted crops can greatly improve the turnover of
available K in the soil by removing K from the subsoil and depositing it at the
surface when roots are left in the field after harvest (Korb et al., 2002).
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4.4 Methods of Assessing Nonexchangeable Potassium

Various methods have been used to determine the nonexchangeable K
content in soils, including boiling nitric acid (HNO3), extraction with sodium

tetraphenylboron (NaBPh,), exhaustive cropping of soil in the greenhouse.

4.4.1 Boiling Nitric Acid Extraction

The quickest and easiest way to assess nonexchangeable K is to use boiling
HNOg3. This method, described by Pratt (1965), is to boil the soil in LN HNO3 over
a flame for 10 minutes, filter the slurry, leach the soil with dilute HNO3, and
determine the K content in the filtrate. This method has been modified in several
ways based on the boiling temperature or the boiling time (Pratt and Morse, 1954;
Conyers and Mclean, 1969). However, the main problem with boiling HNO3
method is its potential to dissolve K in primary minerals, resulting in an
overestimation of available K, and also the inability of HNO3 to completely extract

interlayer K, resulting in an underestimation of nonexchangeable K.

4.4.2 Sodium Tetraphenylboron Extraction

Scott et al. (1960) developed the NaBPh, method to extract interlayer K in
soils. The BPh, anion combines with solution K and forms a potassium
tetraphenylboron (KBPh,) precipitate, while Na* exchanges with interlayer K.
After the extraction period, the KBPh, precipitate is dissolved by boiling water
and the precipitate K is recovered by using Hg?* to destroy BPh,". Smith and
Scott (1966) optimized this method to obtain maximum K extraction. However, it
was not suitable for routine lab measurement due to the high volatility and toxicity
of Hg. Cox et al. (1996) modified this method by using Cu** as a replacement for
Hg** to make it more suitable for routine lab work. In their research, it was found
that NaBPh, extraction removed much more nonexchangeable K than the boiling
HNO3; method and that NaBPh, is able to more closely simulate the release
mechanism of nonexchangeable K by plant roots.
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4.4.3 Exhaustive Cropping of Soil in the Greenhouse

Exhaustive cropping has also been used to determine plant-available
nonexchangeable K (Pratt, 1951; Cox et al., 1999). Soils are cropped with plants
in the greenhouse and fertilized with a K-minus nutrient mixture. Cropping and
harvesting sequences are repeated until the plants become K deficient or die.
Total plant biomass and root uptake is measured along with the exchangeable K
concentration in the soils before and after cropping. The difference between
initial and final exchangeable soil K is attributed to crop K uptake, with the
balance of K removal attributed to nonexchangeable K uptake. However, to
accurately assess the quantities of nonexchangeable K uptake by plants, soll
chemical and mineralogical measurements must be performed as exchangeable

K is in dynamic equilibrium with nonexchangeable K.

45 Potassium Fertilizer Management

4.5.1 Application Rate

Currently, soil test-based K fertilizer recommendations are widely used.
Through a soil test, the quantity of available K level in the soil is measured. The
current soil test K level is compared with the K demands of crops to determine if
additional fertilizer input is necessary and how much K fertilizer has to be applied.
The soil test level demanded by the crop for optimum growth is termed the critical
level. Any soil test level below the critical level indicates the nutrient in the soil is
deficient for crop growth (Vitosh et al., 1995). When the solil test level is above
the critical level, addition of fertilizer may also be necessary to maintain a high
level of the nutrient content in the soil to prevent future deficiencies and to guard

against nutrient deficiencies due to suboptimal environmental factors.

Soil test critical levels are the key to K fertilizer recommendations and they
are commonly determined by long-term field studies. For Indiana, Michigan and
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Ohio, Vitosh et al. (1995) predicted the exchangeable K soil test critical levels

(mg K kg™ soil) through an algorithm:
K Critical level=75+2.5*CEC

Cox et al. (1999) also reported that critical levels (mg K kg™ soil) can be well

predicted (R*=0.986) in greenhouse studies using the model:
K Critical level=34.5-3.41*1llite K*+3.52*CEC,

where illite K is the nonexchangeable K concentration in the soil measured by
NaBPh, extraction after a 7-d incubation.

4.5.2 Application Timing

Many farmers in the Midwest US apply enough K in the fall prior to planting
corn to fertilize both the upcoming corn crop and the soybean crop grown in the
following year, because application of K fertilizers once for two years of crop
production saves on application costs, reduces traffic over the field, and fits a 2-
year or 4-year soil testing cycle (PPl and PPIC, 1999). Fall application of K is
typical because of time, workload, dry soils, available fertilizers, and application
before fall tillage (Sawyer and Mallarino, 2009). For soils with high amounts of
mica and vermiculite clay minerals and greater cation exchange capacity, added
K will be bonded to the exchange sites of organic matter and clay minerals or
fixed in the interlayer of clay minerals. This K can then be released back to the
soil solution when solution K is depleted by crop uptake. Although there is a long
time between fertilizer application and crop use, added K is assumed to be

readily available for the crops to be grown next year or for multiple years.

In a corn-soybean rotation, all K fertilizers can be applied after soybean
harvest and ahead of the corn. Enough K will be returned to the soil from corn
residues for the growth of the soybean crop in the following year. Soybean

removes greater quantities of K than corn does (PPI and PPIC, 1999; Korb et al.,
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2002; IPNI, 2010) (Table 4.1), so it may be more efficient to assess soil test K
levels after soybean harvest due to both the greater K uptake and greater
demand of K late in the growing season for soybean compared to corn. In
addition, K fertilizer application after soybean harvest and ahead of corn instead
of after corn harvest and ahead of soybean fits better into most soil testing cycles.
However, as long as enough K fertilizer is applied to maintain a high soil test K

level, application time of K fertilizer is less critical.

4.6 Concluding Remarks

In this chapter we reviewed the different forms of K in soils, the various
factors that control K dynamics among each form, as well as different
assessment methods for nonexchangeable K. The most important aspect of
nonexchangeable K is how it releases to exchangeable and solution K forms,
which are readily accessible for plant uptake. However, the release or fixation of
K is a complex process, depending on a number of factors and this mechanism is
not well understood. Thus, my research objectives were (i) to assess the effect of
AA injection on K fixation around the injection point over time; and (ii) to evaluate
the effect of different soil moisture conditions (moist, air-dry, oven-dry) on soil

test K levels.
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Table 4.1 The amount of potassium removed in harvest portions of selected
agronomic crops’

Crop Unit of yield K20 removed per unit of yield
(Ib/unit)
Alfalfa ton 60
Barley* bushel 1.6
Corn silage ton 8.4
Soybean bushel 1.4
Wheat* bushel 2.0

" Adapted from Korb et al., 2002.
* Wheat and barley harvest include grain and straw.
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CHAPTER 5.IMPACT OF BAND INJECTION OF ANHYDROUS AMMONIUM
ON SOIL POTASSIUM CONCENTRATION

5.1 Abstract:

In most studies on competitive ammonium (NH,4") and potassium (K*)
fixation, NH," is applied as a salt. However, band-injection of anhydrous
ammonia (AA) has been widely used in corn production for decades. We
conducted a laboratory study to assess the effect of band-injected AA on
exchangeable and nonexchangeable K concentrations near the injection point
over time in four soils. Soils were packed in rectangular boxes with AA injected in
the center at a rate equivalent to 170 kg N ha™. Following injection, soils were
incubated in a chamber at a moisture tension of 0.05 MPa and 22 °C.
Exchangeable and nonexchangeable K concentrations were analyzed in soll
samples collected from 7 concentric zones at various distances from the injection
point at 7, 14, and 28 days after AA injection. The effect of AA injection was
more pronounced on nonexchangeable K than on exchangeable K. In the two
soils with higher clay content and cation exchange capacity, there was a steep
gradient of decreasing nonexchangeable K content up to 4.5 cm away from the
injection point. This effect lasted through 14 days. However, in the other two soils,
AA injection did not affect exchangeable or nonexchangeable K concentrations.
Without large increase in exchangeable K concentration, the reduction in
nonexchangeable K indicated the K was fixed more deeply in the clay mineral
interlayer. This study changes our perspectives on the blocking effect of NH;" on
K release and explains K deficiency symptoms that occasionally result following

AA injection.
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5.2 Introduction

Potassium (K) is an essential nutrient for plant growth. After nitrogen (N) and
phosphorus, K is the third most likely nutrient to limit crop productivity. Good K
nutrition is critical to increase plants’ adaptability to environmental stresses and
to improve the quality of flowers, fruits, and vegetables. Lack of K results in
stunted crop growth, poorly developed root systems, weak stalks, as well as
severe yield loss (Brady and Weil, 2008). Due to the increasing recognition of the
importance of K, extensive research has been carried out worldwide to
investigate soil K and its availability to plants. Researchers found that K* ions can
be trapped between the layers of 2:1 clay minerals in the soil due to the
geometric structure of the fixation sites and the size of the K* ions. This fixation
decreases K availability for plant uptake (Martin and Sparks, 1985; Sparks and
Huang, 1985; Sparks, 1987; Kirkman et al., 1994). Although many studies on soll
K fixation have been conducted, problems associated with soil K management
have often been ignored in the last decade. This is especially true in Asian
countries where N fertilizers have been over-applied while K fertilizer application
has been ignored, resulting in a continual depletion of soil K (Zhang et al., 2010).
In addition, under organic farming practices, soils also suffer from negative K
field balances, which may deplete soil exchangeable K if K release from soill

minerals does not replace the amount of K that is harvested.

In the northern two thirds of Indiana, soil parent material was affected by
either the Wisconsin or lllinois glaciation. Soils in this area of the state have large
guantities of K-bearing micaceaous clay minerals. Many researchers have
indicated that soils with more micaceaous clay minerals have greater K fixation
capacity (Arifin et al., 1973; Shaviv et al., 1985; Goli-Kalanpa et al., 2008).
However, these soils also can release fixed K when exchangeable and solution K
are depleted by crop uptake or leaching. Therefore, understanding K fixation and
release dynamics is critical in soils with greater quantities of micaceaous clay

minerals, especially when K fertilization is less than crop K removal.
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6.2 Introduction

Currently, soil-test based K fertilizer recommendations are widely used
throughout the US. Through a soil test, the quantity of available K in the soil is
measured. The current soil test K (STK) level is compared with the K demands of
crops to determine if additional fertilizer input is necessary and, if so, how much
K fertilizer should be applied. Therefore, soil test results are critical to determine
accurate soil fertilizer application rates. However, current studies often suggest
poor relationships between STK levels and yield response (McLean, 1976;
Cassman et al., 1990), indicating possible existing errors in soil K testing.

Soil testing labs typically oven-dry soil samples for convenience, which might
not be a best assessment of soil available K. Previous studies have found that
soil moisture content has a dramatic impact on soil K dynamics (Thomas and
Hipp, 1968), because drying soil samples changes the soil solution’s ionic
strength and solution K concentration which results in fixation or release of soil K
(Brouder, 2010). For example, assuming a soil has a gravimetric moisture
content of 0.28 ml H,O g™ soil and a solution K concentration of 30 mg L™, after
soil moisture content is reduced to a 0.20 ml H,O g™ soil, soil solution K
concentration would be 42 mg L™ given that no K adsorption on the soil particles
occurred. This increase in soil solution K will shift the equilibrium condition
among different forms of soil K. However, the nature of this shift is still not well

understood.

In addition, soil samples taken in a dry season may also provide misleading
results for STK levels. Many studies have shown that STK levels vary for soil
samples collected at different times. Liebhardt and Teel (1977) measured STK
levels in soil samples taken periodically after crop harvest from 28 unfertilized
plots in Delaware. They found that STK values gradually increased from October
until late May. Childs and Jencks (1967) reported low available soil K levels in
September, which increased and reached a maximum during the winter months

(November to February), then decreased in the spring, and reached the lowest
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STK level in early summer. Seasonal differences in STK levels were also
reported by Vitko et al. (2010). They found the difference between STK levels in
samples collected in fall verses in spring varied greatly from site to site and year
to year. Mallarino et al. (2011) also indicated that the effect of sample date on
STK levels was not consistent but site-specific. Large variations of STK across
fields were observed in this study as well. These observations may be partially
attributed to the variations in soil moisture content at the time the soil samples
were collected.

Another aspect of making accurate K fertilizer recommendations is to
determine the STK level that coincides with optimum crop growth, which is also
called the critical level. Any STK level below the critical level indicates that the
nutrient in the soil is deficient for optimum crop growth (Vitosh et al., 1995).
When the soil test level is above the critical level, fertilizer additions may still be
necessary to maintain the soil test level, even though no yield response will be

observed.

Accurate soll test critical levels are the key to optimizing fertilizer
recommendations. Soil test K critical levels are commonly determined from long-
term field studies. Vitosh et al. (1995) predicted STK critical levels for Indiana,

Michigan and Ohio through the following algorithm:
K Critical level=75+2.5*CEC

where CEC is the abbreviation for soil cation exchange capacity. However, this
model may not be reliable to predict the K critical level in soils with appreciable
amounts of non-exchangeable K. Cox et al. (1999) reported critical levels can be
well predicted (R?=0.99) using the model:

K Critical level=34.5-3.41*Illite K'+3.52*CEC,

where illite K is the nonexchangeable K concentration (g K kg™) in the soil

measured by sodium tetraphenylboron (STPB) extraction after a 7-d incubation.
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This model has not been widely accepted for the prediction of soil K critical levels,
since the STPB extraction is not widely used by commercial soil testing

laboratories and it has not been tested in the field.

Previous studies have found that the impact of sample drying on STK level
changes is highly depending on the equilibrium concentration of soil
exchangeable K. At this level no changes in exchangeable K concentration would
be observed upon drying. The equilibrium level of K varies among soils (196 mg
K kg™ in Cook and Hutchenson, 1960; 175 mg K kg in Dowdy and Hutchenson,
1963; 420 mg K kg™ in Haby et al., 1988), and is related to soil mineralogical
properties (Haby et al., 1990). Barbagelata (2006) also indicated that the
difference between exchangeable K levels in dried soils and moist soils had a
positive linear relationship with soil CEC when it was expressed in absolute
values. However, no study has been conducted to investigate the relationship

between the equilibrium concentration of K and soil K critical level.

The objectives of this study are to i) find out how Mehlich-3 extractable K
content varies under different soil moisture conditions (moist, air-dry, oven-dry) in
five soils; and ii) evaluate the relationship between the equilibrium level of K and

the soil K critical level.

6.3 Materials and Methods

Five field sites were established at Davis-Purdue Agricultural Center (DPAC),
Northeast-Purdue Agricultural Center (NEPAC), Pinney-Purdue Agricultural
Center (PPAC), Southeast-Purdue Agricultural Center (SEPAC), and
Throckmorton-Purdue Agricultural Center (TPAC) from 1998 to 2002 by Sylvie
Brouder. The soil taxonomic class and selected soil chemical and physical
properties for each location are presented in Table 6.1. All sites were cropped in
a soybean-corn rotation and received four different rates of K fertilizer (0, 67, 134,
202 kg K,0 ha) for 4 years.
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Soil samples were collected at two depths, 0-10 cm and 10-20 cm. After
taking the samples back to the laboratory, they were air dried, sieved to 2 mm,
and stored at room temperature before any analysis. According to prior Mehlich-3
STK results, we selected 91 samples to provide a range of STK values from 30
to 200 mg kg™. These samples were rewetted to field capacity, placed in plastic

cups and incubated for 21 days at 25 °C.

After 21 days of incubation, soil samples were split to undergo different
drying methods. One third of the sample was kept moist, one third was air-dried
and one third was oven-dried at 40 °C for 16 hours. All samples were extracted
by Mehlich-3 solution to assess soil available K. All K concentrations were

determined using a flame photometer.

All statistical analyses were performed with version 9.2 of SAS (SAS
Institute Inc., 2008). Analysis of variance was conducted using the GLM
procedure. The relationship between the equilibrium concentrations of soil
exchangeable K and predicted soil K critical values was determined with the
CORR procedure. A curve was fitted with version 11.0 of SigmaPlot (Systat
Software Inc., 2008) for data showing the relationship between the Mehlich-3

STK level in moist soil and the percent change in STK upon drying in each soil.

6.4 Results

No significant differences (p>0.05) in Mehlich-3 STK level were observed
between air-dried and oven-dried samples except for PPAC soil in which fixation
of K was observed in most samples, however the amount fixed was all less than
10% (Figure 6.1). Therefore, Soil test K levels after drying are presented as the

average value of air- and oven-dried samples.

Four of five soils with low STK levels released K upon drying, while soils with
high STK levels fixed K upon drying. Among these soils, the highest amount of
released K was 24%, while up to 15% was fixed. In Figure 6.2, a logarithmic
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regression line (Y=a + b log(x)) was drawn for each soil to show the relationship.
With higher R? values, soils from NEPAC and SEPAC were best fitted to this
model. Unlike the soils from the other locations, soils from PPAC fixed K upon
drying at both low and high STK levels; however the amount fixed was generally
less than 10% (Figure 6.3).

The equilibrium concentration of soil exchangeable K (the level at which no
change in STK upon drying) varied greatly among soils and it decreased in the
following order: TPAC (241 mg kg™*) > DPAC (173 mg kg™) > NEPAC (127 mg
kg™) > SEPAC (106 mg kg™). Soils from PPAC fixed K upon drying regardless of
STK level. Solil K critical levels were predicted using the models developed by
Vitosh et al. (1995) and Cox et al. (1999). Calculated from the Vitosh model, the
predicted soil K critical values were 106, 96, 87.5, 88, and 105 mg kg™ for soils
from DPAC, NEPAC, PPAC, SEPAC, and TPAC, respectively, whereas
according to the Cox model, the predicted soil K critical values were 64, 49, 45,
48, and 66 mg kg™ for soils from DPAC, NEPAC, PPAC, SEPAC, and TPAC,
respectively. The equilibrium STK levels were well correlated to the critical STK
values predicted by both the Cox model (r=0.92) and Vitosh model (r=0.87). Both
soil CEC and clay mineralogy are important for controlling K-buffering capacity in
the soil (Mengel and Busch, 1982) and most soils in Indiana are relatively high in

micaceaous clay minerals.

6.5 Discussion

The effect of drying on STK levels observed in our study was consistent with
other research. Cook and Hutcheson (1960) concluded that the effects of drying
on STK levels depend on the initial exchangeable K concentrations in the soil.
When the initial exchangeable K is high, fixation occurred upon drying; while
when the initial exchangeable K is low, release was observed. Jones et al. (1960)

dried samples at 110°C for 24 hours, and found that the amount of exchangeable
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K either increased or decreased depending on the soil type. Vitko et al. (2009)
investigated the effects of different drying methods (moist, air-dry, and oven-dry)
on STK level of soil samples under different K fertilizer rate treatments. Their
results showed that soil samples with an initial STK level greater than 100 mg
kg™ showed a significant decrease in STK after both air- and oven-drying, which
indicated the fixation of K upon drying. However, in some early studies (Luebs et
al., 1956; Hanway and Scott, 1959), they found that the ammonium acetate
extractable K concentrations in the soil tend to increase upon drying. The results
found in these previous studies might be due to initially lower exchangeable K
concentrations (less than 100 mg kg™) in the soils they tested, as well as using
different extractants for measuring exchangeable K, as Hanway and Scott (1959)
found that different extractants have different sensitivities to drying.

In our study, we found that the effect of air-drying on STK level was similar
to oven-drying. However, many previous studies found that changes in
exchangeable K content were greater upon oven-drying than air-drying (Cook
and Hutcheson, 1960; Haby et al., 1988; Barbagelata, 2006). Jones et al. (1960)
also reported that air-drying always resulted in a release of K from
nonexchangeable form to exchangeable form, whereas oven-drying might
increase or decrease soil exchangeable K concentration depending on soil
properties. Vitko et al. (2009) found that, compared with air-drying, oven-drying
significantly increased the Bray-1 STK value in only one soil out of five, so the
effects of air-drying and oven-drying on soil exchangeable K level is dependent

on soil type, STK level and the extractant used.

Although many studies have been conducted to investigate the effect of
drying on STK levels, the mechanism(s) that controls K release or fixation in soils
is still not well understood. Different mechanisms were proposed to explain such
observation that soils with low STK levels released K upon drying, while soils
with high STK levels fixed K upon drying. Some researchers found soils with low

K-supplying potential required greater temperatures for clay minerals to collapse,
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which may explain why release occurred when the initial exchangeable K was
low (Cook and Hutcheson, 1960). Dowdy and Hutcheson (1963) found that soll
clay mineralogy determined K release or fixation upon soil sample drying. They
found that illite appeared to be the source of K release when soil is dried, while
vermiculite and montmorillonite were related to K fixation. In addition, McLean
and Watson (1985) stated that the release of nonexchangeable K upon drying
when the STK level is low can be attributed to the expansion of layers at the
edge of the micaceous clay that happened upon soil drying; while when the STK
level is high, interlayer water is dried out upon soil drying, resulting in the

collapse of clay minerals and fixation of K.

6.6 Conclusion

In conclusion, STK levels varied with moisture content in soils with 2:1 clay
minerals. When the soil was low in K, an increase in STK occurred upon drying.
However, when the soil was high in K, STK decreased upon drying. This
indicated that the practice of drying prior to soil analysis used by most soil test
laboratories may not be appropriate for assessing STK levels. Additionally, under
dry conditions in the field, K availability will likely be overestimated in low testing
soils and underestimated in high testing soils. Luebs et al. (1956) reported that
crops could absorb 67 to 134 kg ha™ more K when soils are moist compared to
dry soils. This study also helps explain observed K deficiencies in crops during

moisture stress, even on soils with relatively high STK levels.
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Table 6.1 Soil characterization of a bulk soil sample collected from five field sites.

Location  Soil series Soil taxonomic class CEC' lllite K*  Texture g kg™
cmol. kg*  gkg®' Clay Sand Silt
DPAC Blount Fine, illitic, mesic Aeric Epiaqualf 12.4 4.19 350 110 540
NEPAC Glynwood Fine, illitic, mesic Aquic Hapludalfs 8.4 4.39 270 390 340
PPAC Tracy Coarse-loamy, mixed, active, mesic Ultic Hapludalfs 5.0 2.13 180 500 320
SEPAC Cobbsfork Fine-silty, mixed, active, mesic Fragic Glossaqualf 5.2 1.37 220 150 630
TPAC Toronto  Fine-silty, mixed, superactive, mesic Udollic Epiaqualf 12.0 3.06 320 80 600

TCEC = Cation exchange capacity determined by summation of basic cations measured with Mehlich-3 extraction and

acid cations extracted by Barium Acetate
*lllite K = Nonexchangeable K extracted using 7-day incubation in 0.2 M NaBPh,"
SDetermined using the dispersion and sedimentation procedure described by Jackson, 1958

€Ll
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Figure 6.1 The relationship between Mehlich-3 soil test K levels of oven-dried
soils vs. Mehlich-3 soil test K levels of air-dried soils from five locations.
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Figure 6.2 Relationship between the Mehlich-3 soil test K levels of moist soils
from four locations (DPAC, NEPAC, SEPAC, and TPAC) and the
percent change in soil test K upon drying as described by the
logarithmic model [Y=a + bxlog(x)]. Soil test K levels upon drying were
presented as the mean of air- and oven-dried samples. The vertical
lines showed soil K critical levels predicted using model: Critical K
=75+2.5*CEC (Vitosh et al., 1995). The vertical dash lines showed soil
K critical levels predicted using model: Critical K = 34.5-3.41xillite
K+3.52xCEC (Cox et al., 1999) where illite K is measured by NaBPh,"
extraction after soil was incubated in it for seven days.



176

30 ’ —
PPAC

20 t

—
o
L
ek o e e e e e
i

®

100 150 200 250 300

Percent changes in soil test K upon drying, %

o
o
o

Mehlich-3 soil test K levels of moist soil, mg kg'1

Figure 6.3 Relationship between the Mehlich-3 soil test K levels of moist soils
from PPAC and the percent change in soil test K upon drying. Soil test
K levels upon drying were presented as the mean of air- and oven-dried
samples. The vertical line showed soil K critical levels predicted using
model: Critical K =75+2.5*CEC (Vitosh et al., 1995). The vertical dash
line showed PPAC soil K critical level predicted using model: Critical K
= 34.5-3.41xillite K+3.52xCEC (Cox et al., 1999) where illite K is
measured by NaBPh," extraction after soil was incubated in it for seven
days.
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Appendix A Locations of Study Sites

1_,-'-'"'1-
« PPAIC
NEPAC
JACEE
TPAC DPAC
{ sEPAC
SR AC

Figure A.1 Locations of seven study sites where soil sample was collected



Table A.1 Geographic coordinates of study sites for chapter 2, 3 and 5.

Site Latitude Longitude
ACRE 40.48428 -87.00816
DPAC 40.24583  -85.15053
NEPAC 41.11578  -85.44312
PPAC 41.45119  -86.93895
SEPAC 39.04344  -85.52725
SWAPC 38.74530  -87.48169
TPAC 40.26856  -86.87787
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Appendix B Summary of Analysis of Variance Tables

Table B.1 Analysis of variance for mineralized N evaluated by different
incubation methods

Incubation method  Source of Var.! DFf¥ NO3 NH4" Total

P value

Soil 7 0.0021 0.8329  0.0020

Leaching incubation Block 2 0.2987  0.3083 0.2659
Error 14 - - -

Soil 7 <0.0001 0.4905 <0.0001

Cups incubation Block 2 0.6170 0.2173 0.2865
Error 14 - - -

Soil 7 N/A N/A  0.0002%

Greenhouse Block 2 N/A N/A 0.1439
Error 14 - - -

"Var.-variance
*DF-degrees of freedom
STotal plant uptake N under greenhouse conditions
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Table B.2 Analysis of variance for laboratory predicted mineralizable N (No),

mineralization rate constant (k) and products of Noxk

Variable Source of Variance DF' P value
Soil 6 <0.0001
Depth 3 <0.0001
No SoilxDepth 18 <0.0001
Block 2 0.9305
Error 54 -
Soil 6 0.0306
Depth 3 0.0016
k SoilxDepth 18 0.1269
Block 2 0.7238
Error 54 -
Soil 6 <0.0001
Depth 3 <0.0001
Noxk SoilxDepth 18 0.0108
Block 2 0.5442
Error 54

" DF-degrees of freedom
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Table B.3 Analysis of variance for pH, exchangeable (Ex_K) and
nonexchangeable K (Nonex_K) levels in Chalmers, Pewamo, Pinhook,
and Raub soils after injection of anhydrous ammonia.

Soil Source of Variance  DF' pH Ex K  Nonex_K
P value
Distance 6 <0.0001 <0.0001 <0.0001
Time 2 <0.0001 0.0711 <0.0001
Chalmers DistancexTime 12 0.0016 0.0029 <0.0001
Block 2 0.6289 0.9891 0.7507
Error 40 - - -
Distance 6 <0.0001 <0.0001 <0.0001
Time 2 <0.0001 <0.0001 <0.0001
Pewamo DistancexTime 12 0.0006 0.0014 <0.0001
Block 2 0.6426  0.0630 0.2928
Error 40 - - -
Distance 6 <0.0001 <0.0001 0.8484
Time 2 <0.0001 0.0047 <0.0001
Pinhook DistancexTime 12 <0.0001 0.0004 0.4278
Block 2 0.0048 0.3075 0.4115
Error 40 - - -
Distance 6 <0.0001 <0.0001 0.2074
Time 2 <0.0001 <0.0001 0.0022
Raub DistancexTime 12 <0.0001 0.2120 0.1340
Block 2 0.1957 0.3131 0.1694
Error 40 - - -

" DF-degrees of freedom
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Table B.4 Analysis of variance for soil test K levels as affected by drying.

Location Source of Variance DF' Air-dry vs  Moist vs
Oven-dry Oven-dry
P value
Treat 1 0.4921 0.0064
Sample 19 <0.0001 <0.0001
DPAC TreatxSample 19 0.3857 <0.0001
Block 2 <0.0001 0.0070
TreatxBlock 2 <0.0001 0.0080
Error 76 - -
Treat 1 0.3989 0.0184
Sample 16 <0.0001 <0.0001
TreatxSample 16 0.3498 0.0042
NEPAC Block 2 0.0046 0.2646
TreatxBlock 2 0.0012 0.0409
Error 60 - -
Treat 1 0.0132 <0.0001
Sample 18 <0.0001 <0.0001
TreatxSample 18 0.7879 0.1055
PPAC Block 2 0.0314 0.2245
TreatxBlock 2 <0.0001 0.0078
Error 70 - -
Treat 1 0.3934 0.4847
Sample 14 <0.0001 <0.0001
TreatxSample 14 0.1187 0.0157
SEPAC Block 2 <0.0001 0.0003
TreatxBlock 2 0.0001 0.0001
Error 53 - -
Treat 1 0.7990 <0.0001
Sample 19 <0.0001 <0.0001
TPAC TreatxSample 19 0.9036 0.1119
Block 2 <0.0001 0.0135
TreatxBlock 2 0.0015 0.0306
Error 73

" DF-degrees of freedom
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Appendix C Soil Water Retention Data

Table C.1 Soil moisture contents at water retentions of 10 kPa, 33 kPa, 50 kPa,
and 100 kPa for selected soils (unit: g g™).

Soil 10 kPa 33 kPa 50 kPa 100 kPa

Blount 0.27 0.25 0.24 0.22
Chalmers 0.31 0.28 0.26 0.23
Cincinnati 0.24 0.21 0.20 0.16
Cobbsfork 0.26 0.23 0.23 0.20
Pewamo 0.34 0.30 0.30 0.24
Pinhook 0.24 0.20 0.18 0.17
Raub 0.27 0.23 0.21 0.18

Tracy 0.20 0.18 0.16 0.14
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Table C.2 Soil moisture contents at water retention of 10 kPa for selected soils at
four depths.

Soil Depth 10 kPa
cm gg™
0-15 0.37
15-30 0.39
Chalmers-Raub 30-45 0.37
45-60 0.37
0-15 0.34
15-30 0.36
Blount-Pewamo 30-45 0.37
45-60 0.38
0-15 0.28
_ 15-30 0.27
Rawson-Haskins 30-45 0.28
45-60 0.28
0-15 0.31
Sebewa By 0 a1
30-45 0.31
45-60 0.30
0-15 0.35
15-30 0.33
Cobbsfork 30-45 0.35
45-60 0.35
0-15 0.20
15-30 0.19
Ade-Lyles 30-45 0.19
45-60 0.18
0-15 0.34
Toronto LY 0 a0
30-45 0.37

45-60 0.37
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