
Chapter 10
How Closely Is Potassium Mass Balance
Related to Soil Test Changes?

David W. Franzen, Keith Goulding, Antonio P. Mallarino, and
Michael J. Bell

Abstract The exchangeable fraction of soil potassium (K) has been viewed as the
most important source of plant-available K, with other sources playing smaller roles
that do not influence the predictive value of a soil test. Thus, as K mass balance
changes, the soil test should change correspondingly to be associated with greater or
reduced plant availability. However, soil test changes and the availability of K to
plants are influenced by many other factors. This chapter reviews research on soil
test K changes and the relation to crop uptake and yield. A mass-balance relationship
is rarely achieved from the measurement of exchangeable K because of the potential
for buffering of K removal from structural K in feldspars and from interlayer K in
primary and secondary layer silicates. Similarly, surplus K additions can be fixed in
interlayer positions in secondary layer silicates, or potentially sequestered in spar-
ingly soluble neoformed secondary minerals, neither of which is measured as
exchangeable K. In addition, soil moisture, temporal differences in exchangeable
K with K uptake by crops, K leaching from residues, clay type, organic matter
contribution to the soil CEC, and type of K amendment confound attempts to relate
K additions and losses with an exchangeable K soil test. Research is needed to create
regionally specific K soil test procedures that can predict crop response for a subset
of clays and K-bearing minerals within specific cropping systems.
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10.1 Introduction

If K nutrition of crops were a simple system, with additions of K held by the soil and
released as needed, then the K supply and relative availability could be accurately
predicted by a simple soil extraction. However, the reality is that the prediction of K
availability can be as difficult to understand as that of N and P. While N availability
prediction is confounded by temperature, rainfall, soil moisture condition, biological
transformation through oxidation and reduction products, and nutrient cycling in
plants and soil organisms, K nutrition is affected by most of those factors, with the
exception of biological redox products, but with the addition of the physical and
chemical properties of the soil and its mineralogy, mainly of the K-bearing minerals.
Although students are often taught that the exchangeable K “pool” in the soil is the
major source of plant-available K and the reservoir for most fertilizer K applied, the
reality is that the equilibrium reactions between the soil solution K, adsorbed K,
interlayer K in primary and secondary layer silicates and in structural pools in
minerals such as potassium feldspar can be rapid and have a significant influence
on the soil test and crop production.

The dynamics of sources of K and interactions between sources have been
summarized and described in many diagrams, mostly in the flowchart in Fig. 7.1
developed after the 2017 Frontiers in Potassium Science Workshop in Rome (Bell
et al. 2017a, b), and discussed in detail in Chap. 7 of this book. Discussion of the
dynamics depicted in Fig. 10.1 suggests that equilibria between exchangeable K,
solution K, and K additions as fertilizer are always rapid, with each being measured
in hours or days, not weeks, months, and years (Krauss and Johnston 2002). We will
attempt to capture the difficulty of using a mass-balance approach to crop K nutrition
from the biological, temporal, clay mineral, and primary mineral components
depicted in Fig. 10.1.

10.2 The Mass-Balance Approach

The basic premise of a mass-balance approach is that when K is added to the soil,
most often as soluble K fertilizers, such as potassium chloride or potassium sulfate,
the K ions are retained at the soil cation exchange sites with the potential to be
released later into the soil solution and taken up by the crop. The most commonly
used measurement techniques for quantifying K on the exchange sites is displace-
ment with NH4

+ in a variety of extraction techniques, such as 1M-ammonium
acetate. In the USA and the UK, the mass-balance approach is a common strategy
for K fertilization, particularly where a buildup and maintenance approach to crop
fertilization is recommended, but also to maintain desirable soil-test values when
response-based information is used to decide fertilization rates for low-testing soils.
In the strict buildup–maintenance approach, the fertilizers are applied at rates
intended to replace crop grain or forage removal and, if necessary, the soil test is
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increased through the addition of extra fertilizer to attain a certain soil test concen-
tration regarded as critical or optimum for K supply. In Illinois, USA for example, it
is assumed that the amount of fertilizer K recommended to increase the K soil test by
1 mg kg–1 in the medium to higher CEC (cation exchange capacity) soils of central
and northern Illinois is about 10 kg K ha–1 (Fernandez and Hoeft 2015), but this is a
broad average. In contrast, Missouri USA recommendations indicate that 63 kg K
ha–1 will increase K soil test by 1 mg kg–1 (Buchholz 2004). In the UK, a rough
estimate of soil test increase with K addition is that 3–5 kg K ha–1 results in a
1 mg kg–1 increase in soil test K (Potash Development Association 2011). Since
these recommendations are empirically based within the region affected, one can
assume that there are soil characteristics that contribute to the different responses of
the resulting soil test K with K fertilizer addition.

In Illinois, the mean fertilizer K application rates and mean yields in two 12.5 ha
fields were documented for 40 years starting in 1960 (Franzen 1993). The rates of
applied K were greater than crop removal until 1982, which resulted in increased soil
test K concentrations. From 1982 until 1992 no additional fertilizer K was added and
K removal by corn (Zea mays L.) and soybean (Glycine max L. Merr.) harvests was
estimated for all years. The results are shown in Fig. 10.2. The rate at which the soil
K test increased with K fertilizer addition was different from the rate of decline with
crop removal. The results show a “hysteresis” effect. At a site near Thomasboro, IL,
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USA, the rate of soil test K increase was 1 mg kg–1 for 6.6 kg K ha–1 added as
fertilizer over crop removal. After K fertilization ceased, the rate of soil test K
decline was 1 mg kg–1 for 2.4 kg K ha–1 in crop removal. At a site near Mansfield,
IL, USA, the rate of soil test K increase was 1 mg kg–1 for 5.8 kg ha–1 added as
fertilizer over crop removal. After K fertilization ceased, the rate of soil test K
decline at Mansfield was 1 mg kg–1 for 2.2 kg K ha–1 in crop removal.

In the Parana state of Brazil, a K application experiment on 12 tropical soils with
basalt, shale, sandstone, and alluvial parent materials resulted in reductions in
exchangeable K after the initial 2-year soybean/pearl millet cropping sequence
with comparably small reductions in exchangeable K during the following 4 years
(Steiner et al. 2015). In K-fertilized treatments in the same soils, exchangeable K
increased in all soils and reached a plateau of values after the first two crops. The
subsequent exchangeable K values were similar through the following four crop
years despite continued K fertilization. Thus, the mass-balance approach appeared to
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be operating during the first 2 years, but not in the subsequent 4 years. What was not
considered by the researchers, but has been observed in Australia (Bell et al. 2009) is
that K can be extracted by roots from deeper soil layers not measured in traditional
soil testing approaches (e.g., the cultivated layer), especially when surface soil K
availability is depleted (unfertilized treatments), or leached to deeper soil depths and
retained at these depths when surplus K applications are made (Bell et al. 2017a, b).
In both instances, the surface layer soil K tests may remain relatively unchanged. In
unfertilized treatments, the K uptake from deeper soil layers, residue return to
surface layers and the relatively small proportion of biomass K actually removed
in harvested grain (especially in cereals) will help to stabilize topsoil K concentra-
tions. Conversely, in fertilized K treatments, the K-specific adsorption sites may
become saturated with K, with subsequent K fertilization resulting in leaching of
surplus K into subsoils. Bell et al. (2009) support K determination in their soils at
deeper depths than those usually considered to account for these aspects.

In Alabama, USA, Cope (1981) summarized 50 years of K fertilization in four
sandy low CEC (<5 cmol(+) kg–1) soils and one silt loam soil with CEC about
10 cmol(+) kg–1. He found that, in the unfertilized plots, the soil test K concentration
initially decreased, but reached an equilibrium after 28 years at most; the second
sampling being in 1957, 28 years following study initiation. A K fertilizer applica-
tion rate of 18 kg K ha–1 resulted in no soil test change, while K application rates
greater than 18 kg K ha–1 resulted in soil test K increases in all soils. The soil test K
during and at the termination of the experiment was related to the CEC of the soils.
So, in this experiment with kaolinitic and quartz-based soil parent material soils, the
mass-balance approach to K fertilization was effective.

In a summary of a series of five 16-year K fertilizer rate experiments in Iowa
(Villavicencio 2011), researchers found that when K was not applied, the rate of
decrease in soil test K (15-cm depth) did not match the K removal rate from the grain
in the short term (Fig. 10.3). There was very high temporal soil test K variability
from year to year that the yearly K removal in the grain harvest seldom explained.
The soil test and K removal trends approximately matched over several years,
however, except when decreasing soil-test K reached a minimum plateau at around
120 mg kg–1. At this point, in spite of continuous K removal, the soil test decrease
may have been buffered by soil release from other pools in the topsoil or subsoil, or
supplemented by deeper profile soil K. The soil clays at the experimental sites were
dominantly smectitic. In addition, as the soil test K concentration decreased, corn
and soybean yield was not always increased by K fertilization. Yield increases
were frequent and common only at three sites where soil test K was initially
<170 mg kg–1, which placed them in Iowa State University recommendation
categories of “optimal” and lower.

Results from the then 130-year-old Garden Clover experiment at Rothamsted,
UK showed that the change in exchangeable K as a percentage of a positive K
balance was on average only 39% of the K applied, while it was only 38% of the K
removed when the K balance was negative (McEwen et al. 1984).

Thirty-year experiments in the UK, Germany, and Poland compared K balances
with or without K fertilizer or farmyard manure (Blake et al. 1999). The recovery
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rate of K from mineral fertilizers was less than 62% and decreased with increasing
CEC. At Rothamsted, the fixation capacity of the clays was also a significant factor.
In Germany and Poland, there was lower utilization of fertilizer K when manures
were applied because K from manures were taken up in preference. A Canadian
study of the kinetics of K adsorption by organic matter showed that organic matter
adsorbed-K is much more accessible by plants and adsorption of K onto organic
matter exchange sites is more rapid (Wang and Huang 2001). These experiments
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again showed that a mass-balance approach is not entirely useful because the source
of K, the characteristics of the CEC sites, and the soils interact to confound any
“check-book” balance that may be attempted. An attempt to understand this was
suggested by Addiscott and Johnston (1971). They proposed that by increasing the
soil organic matter content through application of farmyard manure, along with
regulating the soil moisture supply to minimize K leaching, more K would be
retained on the organic matter exchange sites and less would be moved into
non-exchangeable forms.

Despite all these problems, the mass-balance approach is still the basis for many
national and regional recommendation systems as noted above. For example,
Dobermann et al. (1996) recommended that efficient K management for rice should
be based on the K balance, but modified by the achievable yield target and the
effective K-supplying power of the soil.

A variation on the mass-balance approach is the “Ideal Soil” CEC balance ratios
championed by Bear in New Jersey (1951) and later by Albrecht at the University of
Missouri (Albrecht 1975). The premise of this approach is that the amount of K in
the soil is not as important as the ratio of K to that of the other major cations, Ca and
Mg. A commonly used ratio of K in an “ideal” soil is somewhere between 2 and 5%
of the base exchange capacity (Graham 1959). Although this approach is still used in
parts of the USA by fertilizer and amendment sales organizations, its scientific
validity has been refuted. A review of the use of this Base Cation Saturation Ratio
approach was authored by Kopittke and Menzies (2007). The review concludes that
the data do not support the existence of an ideal ratio and that its use would result in
inefficient use of resources. The Albrecht approach has also been strongly chal-
lenged in the popular agricultural press by a number of agronomists (Miles et al.
2013).

10.3 Temporal Nature of K Soil Test Values

The previous studies have demonstrated that a purely mass-balance approach does
not always account for soil test differences in exchangeable K values and that the use
of some ideal ratio of cations in directing K application is not effective. The
deficiency of a mass-balance approach is also reinforced by the temporal nature of
exchangeable K soil test values that have been recorded in soils with mineralogy that
supports K fixation and release. A 20-year study using twice-monthly soil sampling
at the 0–15 cm depth for exchangeable K (1M-ammonium acetate) was conducted at
Urbana, IL and Brownstown, IL, USA. Most of this data was lost and never
published, but 9 years of the Urbana work was published in 2005 (Peck and Sullivan
1995). Using tabular values, Franzen (2011) imposed a seasonal repeated analysis
using the statistical package SAS (PROC UCM time series analysis using 24 data
points per cycle) to the data and found that the relative K values were related to soil
moisture at the time of sampling. Starting on April 1, 1986, in each year (Fig. 10.4),
the extractable K is highest in winter when soil moisture is greatest and lowest in late
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summer when the soil is driest and K supply was decreased by corn uptake. The soils
in this study were dominated by smectite clay.

Recent K studies in North Dakota, USA using illite-dominant and smectite-
dominant clays have indicated that the seasonal variation of the K soil tests is
minor on soils with a smectite/illite ratio <3.5, but relatively high on soils with a
smectite/illite ratio >3.5 (Fig. 10.5). The North Dakota climate is not favorable for
winter soil sampling; however, the North Dakota data shows the greatest K extrac-
tion by 1M-ammonium acetate in early spring, with values decreasing as the season
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progresses to drier months. These data are not as clearly related to soil moisture as
those from Illinois. To determine whether the seasonality was related to crop uptake,
both fallow and cropped (corn) check plots were sampled twice each month from
planting to harvest. The seasonality of the K test and its decrease through the
growing season was present at both the smectitic and illitic sites when the soils
were cropped (Fig. 10.6). When the soils had a smectite/illite ratio <3.5, the K test
tended to remain relatively constant, while in a soil with a smectite/illite ratio >3.5,
the K test levels tended to decrease in the drier part of the summer (between 12 and
17 weeks after planting) and increase when soils were moist (week 10, 18, 19). This
is consistent with fixation during dry conditions, and release when the soils are
moist. The fixation in these soils is temporary, and release and fixation of K are
relatively rapid and reversible based on these data.

10.4 Crop Residue Recycling in K Mass-Balance
Considerations

Part of the reason for the apparent seasonality in the K test is uptake of K by the crop
and its release back into the soil after physiological maturity. Mean corn vegetative
K content at physiological maturity in a series of Iowa K rate experiments (Oltmans
and Mallarino 2015) was 93 kg K ha–1 for sites with a K yield response and 101 kg K
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Fig. 10.5 Smectite/illite ratio in the clay fraction of North Dakota soils from a state-wide soil
sampling survey conducted spring, 2017. (Franzen, unpublished data)
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ha–1 for sites with no K response. For soybean, the mean K accumulated in
vegetative parts at physiological maturity was 95 kg ha–1 for all sites. From phys-
iological maturity, K is lost from the vegetative portion of the plants, with mean K in
vegetative tissues in corn at harvest at sites with a K yield response of 66 kg ha–1, and
67 kg ha–1 at sites with no K response. In soybean, the mean residue content of K
declined to 41 kg ha–1 at harvest. These data indicate that soil sampling at physio-
logical maturity, which is a practice utilized by some crop consultants, may result in
lower soil test K values than if the samples were taken at harvest or later in the fall.
The residue K content of corn and soybean was about 25 kg ha–1 and 54 kg ha–1 less,
respectively, at harvest compared to physiological maturity. Losses from crop
residues also contribute to the soil K pool.

The soybean residue in the Oltmans and Mallarino (2015) study continued to lose
K throughout the fall until late January, when the K content reached about 10 kg ha–1.
Loss of K from corn residue steadily declined to about 30 kg ha–1 in early December,
then decreased again during the spring thaw. Precipitation following physiological
maturity explained much of the residue K decline. Across all sites, the soil test K
concentration (15-cm depth) was higher in spring than in the fall, and the magnitude
of difference was linearly related with the K loss from residue, although the
relationship was much better in soybean residue (r2 0.56) than in corn residue (r2

0.16). These data indicate that soil sampling at physiological maturity, which is a
practice utilized by some crop consultants, may result in lower soil test K values than
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if the samples were taken at harvest or later in the fall due to K leaching into the soil
from plant residues.

The cycling of K from crop residue back to soil is a noted component of many
plant ecosystems (Jobbagy and Jackson 2004). Plants mobilize K from deeper in the
soil in natural systems, and their leaves and other vegetative parts are returned to the
soil, resulting in an accumulation of K near the surface. Corn and soybean and other
crops also return K to the soil surface; corn returning a much larger percentage than
soybean (Oltmans and Mallarino 2015). Most grain crops at harvest, including wheat
and corn, do not contain high K concentrations in the seed that is removed, with
soybean being an exception.

Although there is often a relationship between exchangeable K and crop yield
response to K addition, the relationship is less frequent with absolute crop yield. The
relationship is also seldom mass-balance based, as the previous discussion would
indicate. In soils with a sandy texture (Mendes et al. 2016; Alfaro et al. 2004) and in
clay soils with deep cracks followed by high rainfall (Alfaro et al. 2004), K losses
from the soil system by leaching are common, resulting in much apparently available
exchangeable K being unavailable to the crop early in the growing season; this can
result in a yield penalty. In high-clay soils with significant content of smectitic clays,
deep cracks, sometimes over 1 m in depth, may form. During rainfall, some of the
topsoil washes into the cracks, resulting in loss of K to deeper soil depths (Alfaro
et al. 2004). In most soils, the K leached from the 0–15 cm typical K-sampling depth
would be retained at deeper soil depths; therefore, a multi-depth approach in soils
with surface layer K leaching potential may be important to explaining mass-balance
and response to K at lower soil test values.

10.5 Clay Chemistry and K Response

According to research by Sharpley (1989) in his study of 102 soils from the
continental US and Puerto Rico, water-soluble K was closely related to exchange-
able K within soils of similar clay-type, but not between clay-types. The release of K
from exchangeable sources into solution increased from smectitic to “mixed” clays
to kaolinitic clays. Sharpley recommended that an analysis of exchangeable K and K
reserves (as nitric acid-extractable K) would provide a better indication of K supply
for crops. This had been suggested by Goulding (1984) and Goulding and Loveland
(1986) and is discussed in detail in Chaps. 7 and 8 in this book.

An Australian study reported K fertilization practices in Red Ferrosol, low CEC
soils, and Black and Grey Vertisols, which are moderate to high clay-content soils.
Analyses of exchangeable K, soil solution K, and the activity of K in soil solution
varied 6–7-fold between soil types (Bell et al. 2009). The management of K for
optimal crop production varied with soil. The Vertisols had a high K buffer capacity
(BCK) and applications of K were not as effective at increasing crop K accumulation
as those in the low CEC Red Ferrosols, where BCK was significantly lower. A better
K fertilization approach for the Vertisols was to apply a K fertilizer in concentrated
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bands rather than a broadcast application that resulted in lower soil solution K
concentrations within the soil volume. In the high clay Vertisols with high CEC
(50–60 cmol(+) kg–1), a deep band of K with N and P was more effective at
overcoming K deficiency due to root proliferation around the K band (Chap. 12).

In a study of 23 K rate experiments in North Dakota in 2014 and 2015, the
response of corn at sites below the current exchangeable K critical level of 150 mg K
kg–1 was not predicted at 10 sites (Table 10.1). The relative corn yield of the
unfertilized check in relation to soil test K at these sites is shown in Fig. 10.7,
with the relationship between exchangeable K and relative yield very weak. A
multiple regression analysis of relative yield with the potassium feldspar concentra-
tion of the mineral fraction of the 23 sites and the relative clay mineral percentage of
the clay fraction is shown in Table 10.2. This analysis suggested that the best
prediction of yield response to K fertilization in these North Dakota soils would
need to consider both clay mineralogy and the soil test K concentration. Unfortu-
nately, many agricultural regions do not have access to clay mineralogy data, and so
these refinements can be difficult to implement.

Using a Ward minimum variance clustering technique, the sites clustered into
those with smectite/illite ratios < 3.5 and those > 3.5 (Fig. 10.5). Using K response
data from the sites falling into those categories, the resulting responses indicated that
a critical level of 150 mg K kg–1 was appropriate for site with a smectite/illite ratio<
3.5 and a critical level of 200 mg K kg–1 was more appropriate for sites with a
smectite/illite ratio > 3.5 (Fig. 10.8).

Different articles in this book focus directly on the importance of different soil K
pools (Bell et al. 2017a, Chap. 7) in relation to bioavailability, and on the relation-
ship between various soil tests and plant-availability of soil K (Bell et al. 2017b,
Chap. 8), but it is relevant to mention here some concepts and findings. Potassium
application and its interaction with clays, particularly a change in clay type with K
addition or loss, has been documented and could confound expected K test results.
Barre et al. (2007) hypothesized that the illite-dominance of prairie soils in temperate
regions was due to the production and stabilization of illite from K redistributed from
deeper soil strata to surface strata through root uptake and residue deposition to the
surface. Barre et al. (2009) provided a brief review of studies supporting the
hypothesis of illite construction and deconstruction under prairie vegetation and
offered a model that might predict clay stability under K addition or loss through
intensive cropping without adequate K replenishment. A study from China in a
loess-derived soil containing illite and chlorite focused on topsoil total K compared
to a reduction in exchangeable K during 15 years of continuous alfalfa cropping. The
topsoil exchangeable K decreased due to alfalfa forage uptake and removal; how-
ever, the total K in the topsoil increased due to K additions from deep soil K taken up
by the alfalfa roots and deposited in the upper strata of the soil, producing a highly
crystalline illitic-like clay (Li et al. 2011).

Singh and Goulding (1997), using X-ray diffraction, looked for changes in
micaceous minerals that might accompany 150 years of continuous cropping by
wheat, with and without K fertilizer, on the Broadbalk experiment at Rothamsted,
UK, but found none, although deep plowing had changed the mineralogy and K
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Table 10.1 A series of 23 K fertilizer rate studies in corn in North Dakota, with clay mineralogy of
the clay fraction and potassium feldspar content of the mineral portion of the soil. Initial pre-plant
soil test K concentrations (1M-ammonium acetate on dry soil) are also indicated along with
expected yield increase compared to the yield increase experienced

Site, year
K test
(mg kg–1)

Expected yield
increase

Actual yield
increase

Potassium
feldspar (%)

Smectite-
illite (%)

Buffalo,
2014

100 Y N 7.1 85–11

Walcott E,
2014

100 Y Y 5.8 84–13

Wyndmere,
2014

100 Y N 6.1 72–22

Milnor,
2014

100 Y N 11.7 35–57

Gardner,
2014

115 Y Y 5.3 76–20

Fairmount,
2014

140 Y N 8.0 80–14

Walcott W,
2014

80 Y N 7.3 52–40

Arthur, 2014 170 N Y 1.7 85–11

Valley City,
2014

485 N N 9.0 70–23

Page, 2014 200 N N 5.7 74–20

Absaraka,
2015

113 Y N 9.9 84–14

Arthur, 2015 125 Y Y 9.5 85–12

Barney,
2015

170 N N 6.3 79–16

Casino,
2015

120 Y Y 6.4 85–12

Dwight,
2015

110 Y N 6 82–15

Fairmount1,
2015

188 N Y 5.6 87–10

Fairmount2,
2015

118 N Y 7.4 79–12

Leonard N,
2015

380 N N 6.9 70–25

Leonard S,
2015

190 N N 5.5 52–41

Milnor,
2015

118 Y Y 8.6 74–20

Prosper,
2015

205 N N 9.2 83–14

Valley City,
2015

200 N N 5.6 65–30

Walcott,
2015

109 Y Y 6.2 47–48

Bold font denotes site where expected yield response or nonresponse was not recorded

10 How Closely Is Potassium Mass Balance Related to Soil Test Changes? 275



content of the surface (0–23 cm) soil. Evidence for changes in illite with K additions
and losses through cropping was found from examination of long-term treatments in
the Morrow Plots at the University of Illinois Experiment Station at Urbana, Illinois,
USA (Velde and Peck 2002). Soil samples from the plots were archived from 1913.
The differences in clay mineralogy between 1913 and 1996 indicate changes in clay
mineralogy with cropping. These changes were small in the corn–oats–hay rotations,
but there was a significant loss of illitic clay from the continuous corn rotation with
no amendments. The authors considered that the stability of illite/smectite under the
corn–oats–hay rotations was the result of K inputs from non-clay K-containing
minerals restoring the K lost from the clay minerals under this less intense cropping
system. The use of NPK fertilizer was adopted in 1955, and this restored the illite
content of the clay mineralogy in the continuous corn plots to what was measured in
1913. The authors speculated that the addition of K replenished the clay mineral K,
stabilizing and restoring illite/smectite integrity. The illites/smectites serve as a
reservoir of K in prairie soils, but the clays can be degraded under continuous
cropping.

Previous (Clover and Mallarino 2009) and ongoing unpublished work in Iowa
has shown that in smectite-dominant soils (but with smaller contents of illite and
vermiculite), the measurement of both soil-test K and non-exchangeable K explains
the effects of K additions and removal by corn and soybean on post-harvest soil
K. Also, more rapid than expected relative changes between exchangeable K and a
combination of interaction with K in neoformed secondary minerals, structural K in
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Fig. 10.7 Relative yield of check (with no added K) in North Dakota K fertilizer rate studies in
2014 and the relationship to soil test K

Table 10.2 Multiple linear
regression of possible factors
relating to relative corn grain
yield of 2014 and 2015 K fer-
tilizer rate trials in North
Dakota from Table 10.1

Factor K test K-feldspar Illite Smectite

K test 1.0

K-feldspar 0.17 1.0

Illite –0.03 –0.32 1.0

Smectite 0.05 0.33 –0.99 1.0

Relative yield 0.29 –0.0002 0.32 –0.25
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feldspars, interlayer K in micas and partially weathered micas, and interlayer K in
secondary layered silicates explained part of the soil K variation between one crop
and the next.

An important review of K chemistry was presented by Sparks and Huang (1985).
One of the main points of their review was to highlight experiments in which the
replenishment of K in the soil solution from non-exchangeable K in clays and
potassium feldspars was measured in hours and days, i.e., was fast enough to meet
crop needs (see also Krauss and Johnston 2002). They also noted that wetting and
drying affects the movement of K in and out of clay interlayers. Soil wetness
increases the content of reduced iron within the clay interlayers, which has a large
hydrated radius. The larger radius facilitates the movement of K+ out of the clay
interlayers. Dry soil increases the concentration of oxidized iron within the clay
interlayers, blocking the outflow of K+ from the clays.

Some soils retain K+ on drying, including smectitic soils in temperate regions
(e.g., Barbagelata and Mallarino 2012) due to increased soil solution K concentra-
tion pushing the equilibrium between the soil solution and the soil clay in the
direction of interlayer K+ (Dowdy and Hutcheson 1963).

Pe
rc

en
t m

ax
im

um
 y

ie
ld

 o
f c

he
ck

 (%
) 100

95

90

85

80

Soil test K (mg kg-1)

100

95

90

85

80

Pe
rc

en
t m

ax
im

um
 y

ie
ld

 o
f c

he
ck

 (%
)

0       50    100   150    200   250    300   350   400    450   500

Soil test K (mg kg-1)
0                50              100           150               200            250
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smectite/illite ratio < 3.5 (top), and smectite/illite ratio >3.5 (bottom) (Franzen, unpublished data)
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10.6 Relative Unresponsiveness in K Removal in Harvested
Grain, Despite Wide Variability in Crop K Status
and Responsiveness to K Fertilizer Application

Variation in grain, seed, or kernel K concentration of eight crops was analyzed as a
function of crop yield response to increasing soil exchangeable K in a long-term field
experiment on an Oxisol soil in Queensland, Australia (Bell et al. 2009). Despite
large yield responses to increasing soil K availability in most crops (3–10-fold range
in yields of cottonseed and peanut kernels, and nearly twofold ranges in yields of
wheat and sorghum), there was effectively no variation in K concentration in the
harvested product. The lack of change in corn grain K concentration despite varia-
tion in soil K availability was also observed by Oltmans and Mallarino (2015). There
is, however, large species variation in the rate of K removal (e.g., removal of K in
soybean grain is about 5 times the rate of removal in sorghum grain—Table 10.3).
This means that growers can budget to replace K removal in a crop rotation
reasonably accurately—something that is harder to do in other nutrients where
both yield and grain concentration vary in response to differences in soil supply.

Table 10.3 Response of grain/seed/kernel yield of different crops to soil K supply grown in a
strongly K-limiting soil or a soil with excess K supply, and the resulting variation in K concentra-
tion in grain/seed

Crop
Harvested
portion

Strongly K-limited soil Excess soil K supply

Yield
(kg ha–1)

Seed/grain/
kernel K (g kg–1)

Yield
(kg ha–1)

Seed/grain/
kernel K (g kg–1)

Corn (Zea mays L.) Grain 4200 2.7 6240 2.9

Sorghum (Sorghum
bicolor L.)

Grain 5210 3.4 8690 3.2

Wheat (Triticum
aestivum L.)

Grain 3700 3.9 5710 3.7

Cotton (Gossypium
hirsutum L.)

Seed 380 8.9 3840 8.8

Peanut (Arachis
hypogaea L.)

Kernel 810 6.9 2720 7.0

Chickpea (Cicer
arietinum L.)

Grain 2220 8.1 3010 8.5

Mungbean (Vigna
radiata L.)

Grain 1150 13.1 1706 11.7

Soybean (Glycine
max L. Merr.)

Grain 2170 16.3 3270 16.5

From a long-term experiment on an Oxisol near Queensland, Australia, described in Bell et al.
(2009)
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10.7 Potassium Losses Due to Erosion from Wind
and Water

A seldom considered source of K loss that may contribute to regional K balance is
the loss of topsoil due to wind and water erosion. An analysis of nutrient losses in
North Dakota from the time of first plowing (1880 through 1920, depending on the
location within the state) is underway, and complete for phosphorus (P). Total P loss
from wind erosion in North Dakota since the time of plowing is estimated to be 17 M
tons of P (Franzen 2016). This is equivalent to over 200 years of P application by
North Dakota farmers to the 10 M ha of state cropland at fertilizer rates commonly
applied in 2016. Total K loss from wind erosion since plowing is estimated to be
much higher. Analysis of dust originating from North Dakota topsoil collected in
eastern US cities in the 1930s contained 19 times more P and 45 times more K than
samples obtained in regions of origin after the storms (Hansen and Libecap 2004).
Topsoil loss in large portions of the state not under no-till or modified no-till systems
is still on-going. A site northwest of Grand Forks, ND characterized in 1958 and
re-characterized in 2014 revealed 48 cm of topsoil loss due to wind erosion over the
56 years (Montgomery 2015).

10.8 Summary

The mass balance of K in the surface soil is a function of: (1) K added in fertilizers
and manures; (2) plant redistribution of subsoil K to the surface; (3) K losses due to
leaching in low CEC soils, and sampling to deeper depths than the 0–15 cm depth to
determine subsoil contribution; (4) K removal with grain, forage, and crop residues;
and (5) K lost in soil erosion from wind/water. A mass-balance relationship based on
the measurement of exchangeable K is only rarely achieved because of the rapid
equilibrium between soil solution K and its relatively rapid exchange with K in
K-bearing primary minerals and clay interlayers. In addition, soil moisture, temporal
differences in exchangeable K with K uptake by crops, K leaching from residues,
clay type, organic matter contributions to the soil CEC and type of K amendment
have confounded many attempts to relate K additions and losses with K soil test.
Research is needed to create regionally specific K soil test procedures that can
predict crop response within a subset of clays and K-bearing minerals within specific
cropping systems.
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