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ABSTRACT

As one of the essential macronutrients supplied by the soil, potassium is critical in plant
metabolism and defense mechanisms against abiotic and biotic stresses. In conventional and
sustainable agricultural production, potassium is a crucial component in fertilization to ensure
optimal crop growth and development. Crop quality is dependent on a myriad of factors
corresponding to water and nutrient uptake which are linked to potassium regulated pathways.
To better understand controls on soil exchangeable potassium, the main source taken up by
plants, this study investigates the effects of different monoculture cover crop treatments across
different growing seasons on potassium acquisition in cover crops of an organic cropping
system. We are conducting an exploratory data analysis of potassium concentrations in the
aboveground biomass of seven cover crop species: oat, radish, pea, red clover, crimson clover,
cereal rye, canola. The data were collected from an ongoing study conducted in an organic
cropping system which follows a soy-wheat-corn rotation with cover crops planted after wheat
and before corn. Our goal is to understand the potential impacts that specific cover crops have on
K uptake by plants. We found that the aboveground biomass %K of radish and clover were
consistently higher than that of other monoculture cover crops measured in the fall and spring,
respectively. While soil exchangeable K differed significantly across time, it did not vary
between different monoculture treatments within a season. Our findings suggest there is not a
drawdown effect of soil test K from cover crop uptake. These analyses provide further insight to
how different cover crop treatments and soil conditions may alter plant potassium acquisition for
fine tuning nutrient management plans and improving cover and cash crop quality and yields.
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Chapter 1
Introduction
As one of the most abundant minerals that constitutes the Earth’s crust, potassium plays a
myriad of critical roles in the proper growth and development of various organisms on Earth,
specifically that of plants. Humans and other animals obtain adequate potassium nutrition via
consumption of fruits and vegetables; however, plants derive their source of potassium from K +
ion reserves accumulated in the soil from weathered minerals such as feldspar and mica
(Römheld and Kirkby, 2010). Potassium is essential in maintaining physiological plant processes
such as photosynthesis, regulation of enzyme catalysis and protein metabolism, transport of
nutrients and water, stomatal conductance, and starch production (Van Brunt and Sultenfuss,
1998). Through the transport of potassium, certain plants have also adapted mechanisms to
ameliorate both abiotic and biotic stresses. With the continual global population growth,
agricultural intensification, and resource exploitation, preserving and managing macronutrients
like potassium is all the more critical for sustaining food production (Brady and Weil, 2010). The
following chapter reviews the sources and interactions between potassium reserves in the soil
and plant uptake. The subsequent chapters delve into the site description and experimental design
of the Cover Crop Cocktail 1.0 Project. The concluding chapters look to answer the following:
1.

Is a significant difference in foliar potassium amongst the different cover crop
monoculture treatments?

2. Is there a significant difference in the soil potassium amongst the different cover crop
monoculture treatments?
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3.

Is there a significant association between foliar potassium biomass and soil potassium in
different cover crop treatment plots?

Chapter 2
Soil and Plant Potassium
While potassium is noted as the seventh most abundant element in the Earth’s crust
(Sparks and Huang, 1985) and also found highly abundant in the soil, only a minimal portion of
soil potassium is readily available for plant uptake. The majority of soil potassium is held within
the structural units of primary minerals or fixed in secondary clay minerals in nonexchangeable
forms (Schaetzl and Thompson, 2015). Furthermore, potassium is considered the third most
important macronutrient of the essential nutrients for plant growth and development (Brady and
Weil, 2010). Supporting sufficient plant available pools of K is critical in nutrient management.
Assessments of plant tissue and soil exchangeable potassium levels are important in sustaining
the agronomic value of crops. This section focuses on the sources of potassium in the
environment, the role of potassium in plant growth, as well as agronomic concerns and solutions
related to potassium deficiencies in crops and soils.

Forms of Potassium in Soil
Potassium in soil is present in four main forms: solution, exchangeable, fixed (nonexchangeable), and mineral (structural) (Brady and Weil 2010; Sparks and Huang, 1985). While
potassium is one of the most abundant of the essential mineral nutrients with total soil K
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concentrations generally above 20,000 ppm or 40,000 lbs./ac. (Schulte and Kelling, n.d.), it is
predominantly found in unavailable forms for plant consumption (Brady and Weil, 2010). Soil
potassium utilized for plant uptake is only available in the cationic form as K + in the soil
solution; however, this form only comprises approximately 0.1 to 0.2 percent of potassium
present in soil. Nearly 90 to 98% of soil potassium instead is tied up in primary minerals such as
potassium feldspars and micas (Brady and Weil, 2010).
The interactions and conversions between the different forms of potassium found in the
soil are better understood through the potassium cycle. The potassium cycle illustrates potassium
availability via interactions between three general reservoirs: primary minerals, fertilizer, and
residues from plants and animals (Fig. 1). The potassium cycle can be explained initially through
the main reservoir of soil potassium, structural K. Structural K is found mostly in the forms of
muscovite and biotite (micas), and orthoclase and microcline (potassium feldspars) in the soil
(Brady and Weil, 2010; Sparks and Huang, 1985; Huang 2005). In micas, potassium is held
tightly between tetrahedral and octahedral silica sheets (Schaetzl and Thompson, 2015). As
these phyllosilicate minerals undergo continued weathering, soluble K is replenished by the two
other reservoirs: fertilizer applications (chemical and manure) and decomposed organisms that
provide K available for plant uptake as illustrated in Figure 1 (Brady and Weil, 2010).
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Figure 1. The Potassium Cycle (Adapted from Figure 12.29 in Chapter 12 Nutrient
Cycles and Soil Fertility from Elements of the Nature and Properties of Soils (Brady and
Weil, 2010))

Environmental Controls on Potassium
The release and fixation of potassium in these exchangeable and non-exchangeable forms
is modulated by different factors such as the moisture, temperature, pH, and aeration of soil and
management practices such as tillage and additions of organic amendments (Potassium, n.d.). Of
the controls summarized in Fig. 2, soil moisture is a major driving force in the interactions
between these reservoirs in the potassium cycle. The available forms of potassium which
encompass exchangeable and solution K, are delivered to plants primarily through mass flow and
diffusion via a concentration gradient (Schaetzl and Thompson, 2015). Soil water content
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controls the mechanisms by which solution potassium moves from the soil to the roots and by
which potassium from decomposing organic matter is reincorporated into the soil (Brady and
Weil, 2010; Schaetzl and Thompson, 2015). A model generated by Kuchenbuch et. al. (1986)
concluded that as soil water content decreases around plant roots, potassium movement from the
soil to the root interface decreases as well. The model was based on an experiment in which
onion plants were grown in pots at different soil moisture levels and potassium uptake was found
to drop when soils became drier (Kuchenbuch et. al., 1986). The drying of the soil relates to the
other factors (Fig. 2), aeration and temperature which alter the transfer of heat (Brady and Weil,
2010). Sufficient oxygen in soil pores, or aeration promotes microbial growth and the
incorporation of organic matter (Brady and Weil, 2010). The presence of certain soil microbes
and root exudates of specific plant species also affect K mobility across the different pools in the
soil (Zörb et. al., 2014). In maize (Zea mays), Kraffczyk et. al. (1984) found that malic acid was
positively correlated to increased K nutrition which led them to hypothesize the potential role
malic acid plays in maximizing K uptake in maize.
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Figure 2. Aboveground and belowground factors affecting plant uptake of K

Potassium in Plant Tissue
Potassium moves from the soil solution into the plant by mass flow in association with
plant water uptake (Brady and Weil, 2010). Once the soil solution potassium is absorbed by the
plant, K+ acts in various pivotal roles associated with metabolic processes and activation of
enzymes, regulation of stomatal movement, and other biochemical mechanisms within the plant
(Brady and Weil, 2010; Van Brunt and Sultenfuss, 1998). A myriad of enzymatic processes such
as glycolysis, oxidative phosphorylation, respiration, protein synthesis, photophosphorylation,
and starch synthesis are most efficiently activated via potassium (Evans and Sorger, 1966).
Studies have shown that potassium plays a critical role in activating over sixty enzymes
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important in (Boyer et. al., 1942; Suelter, 1985). Potassium accounts for two to six percent of the
dry biomass (Leigh and Jones, 1984; Ashley et. al., 2005). Foliar potassium levels usually range
from one to four percent (Brady and Weil, 2010). Potassium is found throughout the plant, but
mainly concentrated within the vacuole and cytosol (Leigh and Jones, 1984). As a major
component of the phloem, K is important in regulating osmotic potential within the sieve tube of
the plant to ensure efficient nutrient transport across the plant (Zörb et. al., 2014). Previous
studies have also noted that K helps to ameliorate biotic stresses of plants (Wang et. al., 2013).
Adequate K levels in plants have been linked to enhanced physical plant barriers such as
efficient stomata and fortified cell walls to prevent potential infection and injuries (Wang et. al.,
2013). K+ mediates salt stress by maintaining cytosolic concentrations of potassium and
preventing excess transfer of sodium to preserve the concentration gradient necessary to
distribute nutrients and initiate metabolic processes (Wang et. al., 2013). Potassium is also
required in conjunction with magnesium in the activation of plant pyruvate kinase, which is a
critical enzyme utilized in glycolysis (Ambasht and Kayastha, 2002). As K is an essential
mediator of physiological mechanisms of plants, a deficit in the nutrient leads to external and
internal consequences that compromise agronomic value of crops.
Potassium deficiency symptoms are first displayed in the older leaves of crops (Zörb et.
al., 2014). Chlorosis otherwise described as the yellowing of the leaves due to insufficient
chlorophyll production, is the primary deficiency visible in agronomic crops (Brady and Weil,
2010). Other deficiency symptoms due to inadequate potassium nutrition include reduced yield
of fruits in certain plant species, increased susceptibility to diseases, and inhibited growth (Brady
and Weil, 2010; Uchida, 2000). The visible symptoms of insufficient K are the initial steps in
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fixing and upholding proper crop quality for farmers. Once farmers recognize such symptoms,
proactive measures to combat the potassium deficit include addition of organic and inorganic
fertilizers to the soil, readjustment of fertilizer application rates, and utilization of crops,
especially those with deep root systems to increase access to K in the soil (Brady and Weil,
2010; Öborn et. al., 2005).
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Chapter 3
Materials and Methods

Site Description
This investigation was conducted on the Cover Crop Cocktails 1.0 Project, which was the
initial study of the ongoing Cover Crop Cocktails experiments at the Russell E. Larson
Agricultural Research Center at Rock Springs. The site (40°43’ N, 77°55’ W) is approximately
10 miles southwest of the University Park campus of Pennsylvania State University in Centre
County, PA (Murrell et. al., 2017). Under the Köpen classification system, this region falls
within the humid continental climate and has an average annual precipitation of 975mm (Duiker
and Beegle, 2006; Murrell et. al., 2017). The soil is predominantly comprised of Murrill
channery silt loam (Fine-loamy, mixed, semi-active, mesic Typic Hapludult), Hagerstown silt
loam (fine, mixed, semi-active, mesic Typic Hapludalf), and Buchanan channery silt loam (fineloamy, mixed, semi-active, mesic, Aquic Fragiudult) (Murrell et. al., 2017).

Experimental Design
The Cover Crop Cocktails 1.0 Project was established in August 2012 and ended in May
2015. A randomized complete block design was used for this field experiment. The field was
grouped into four replicate blocks (Fig. 3). Within each block, there were three entries (strips) for
a winter-wheat-corn silage-soybean cash crop rotation (Fig. 4). Each entry was divided into
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twelve plots that were randomly assigned to twelve cover crop treatments. The treatments
consisted of a fallow (control), six monocultures: oat, cereal rye, canola, red clover, forage
radish, and Austrian winter pea, and five cover crop mixtures: 3SppN, 3SppW, 4Spp, 6Spp, and
Xmix. This study only focused on the six, monoculture cover crop treatment plots of the CCC
1.0 Project: Austrian winter pea (Pisum sativum), canola (Brassica napus), cereal rye (Secale
cereale), forage radish (Raphanus sativus), oat (Avena sativa), red clover (Trifolium pratense)
(Fig. 4).

Figure 3. CCC 1.0 Experimental design and plot dimensions
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Figure 4. CCC 1.0 monoculture treatment and fallow plots
Table 1. Cash crop rotation for each entry

Soil and Biomass Collection
The soil of each plot was sampled once in the fall and once in the spring. The soils were
sent for nutrient analysis to Agricultural Analytical Services Laboratory. Before cover crop
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treatments were implemented, a baseline soil measurement was taken for each plot in August
2012. Foliar plant samples were collected in the fall (before killing frost) and in the spring
(before cover crops were terminated). The samples were oven-dried, and also sent to Agricultural
Analytical Services Laboratory to be tested for a total plant tissue nutrient analysis via sample
digestion and ICP analysis. The tissue analyses were conducted for nine of the essential nutrients
for crop growth and development: phosphorus (%), potassium (%), calcium (%), magnesium
(%), manganese (ppm), iron (ppm), copper (ppm), boron (ppm), and zinc (ppm). Nitrogen and
carbon were separately tested via microplate nutrient assays by the Kaye biogeochemistry lab.

Statistical Analyses
Statistical Questions of Interest:
1. Is a significant difference in foliar potassium amongst the different cover crop
monoculture treatments?
2. Is there a significant difference in the soil potassium amongst the different cover
crop monoculture treatments?
3. Is there a significant association between foliar potassium biomass and soil
potassium in different cover crop treatment plots?
All statistical tests were developed in R. For the duration of the CCC 1.0 Project,
boxplots were generated for aboveground biomass K (measured as %K by AASL) for each
planting season: Fall 2012, Spring 2013, Fall 2013, Spring 2014, and Spring 2015. Each boxplot
displayed the five-number summary for aboveground %K: minimum, 25th quartile, median, 75th
quartile, and maximum. Analysis of variance (ANOVA) tests were conducted on the
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aboveground biomass K measurements for each season to assess significance of the cover crop
treatment effect on the aboveground biomass K. Once significance was determined at the .05
alpha-level, a Tukey’s honest significant difference (HSD) test was used to establish which
specific cover crop treatments were significantly different from each other. The Tukey approach
was selected because the method is best designed for controlling family-wise error (FWER) for
all pairwise comparison tests. Boxplots and ANOVA tests were also generated for the soil
exchangeable K concentration (ppm) measurements (generated from AASL) taken for each
season following the same statistical test methods as the aboveground biomass K. Soil
exchangeable K concentrations tested included: the baseline measurement before cover crops
were planted in August 2012 (denoted as Summer 2012), Fall 2012, Spring 2013, Fall 2013,
Spring 2014, Fall 2014, and Spring 2015. If significance was found from ANOVA tests, a
Tukey’s HSD test was further used to compare mean aboveground K concentration between all
cover crop treatments for a given season. The ANOVA models of the aboveground biomass K
and soil exchangeable K concentrations were held under the following assumptions: residuals are
normally distributed, the variances of the different cover crop treatment populations are constant,
the errors are independent of each other.
The variations in soil exchangeable K were also analyzed further on the basis of soil
sufficiency levels for crop growth using maps developed in ArcMap. The soil exchangeable K
concentration measurements analyzed from AASL were grouped into soil test categories
established for the Mehlich-3 nutrient extraction method, by the Rutgers Cooperative Extension
(Heckman, 2006). The following table was adapted from the Soil Fertility Interpretation Fact
Sheet developed by the Rutgers Cooperative Extension (Heckman, 2006). Priority ranking was
used to determine which cover crop treatment plots. The sufficiency levels were designated a
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ranking from 1 (very low) to 5 (very high) to evaluate adequacy of plant available K in soil for
the cover crop treatment plots in ArcMap. National Agriculture Imagery Program (NAIP)
Imagery was downloaded from the USDA Farm Agency and added to the data frame as a base
map layer. This base layer was used as guide to digitize the treatment plots of the Cover Crop
Cocktails Project. A new polygon feature class was created to digitize the plots. The coordinate
system of the new polygon feature was set to the same coordinate system as the USGS NAIP
Imagery base layer, which was the WGS 1984 Web Mercator (auxiliary sphere). The World
Imagery base layer developed by ESRI was added after the digitization to enhance resolution of
the map. Plots were labeled by adding a field and clicking on each plot to field calculate a new
name for the plot number. Soil exchangeable data for all treatments each season of the CCC 1.0
Project were converted from an Excel file to a csv file and the attributes were joined to the
attribute table of the digitized plot shapefile. All treatments were examined across 2012 and 2015
in the maps to evaluate the spatial variation across the entire experimental plot in soil nutrient
sufficiency.
Table 2. Sufficiency ranking of exchangeable potassium in soil of the treatment plots

Note. Sufficiency levels for soil exchangeable K were adapted from Mehlich-3
interpretations published in Table 2 of the soil fertility test interpretation fact sheet of
Rutgers Cooperative Extension (Heckman, 2006)
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Chapter 4
Results
The ANOVA models for the aboveground biomass K analyses found that among the
different cover crop treatments, there was a significant difference in (𝛼 = 0.05 ) aboveground
biomass %K per each season of the CCC 1.0 Project. In fall 2012, the aboveground biomass %K
in forage radish plots were significantly greater than that of the canola, clover, oat, pea, and
cereal rye plots (Fig. 5). The aboveground biomass %K of oat plots was also significantly greater
than that of the canola and clover plots (Fig 5). In spring 2013, aboveground %K of biomass in
clover and pea plots was significantly higher than those in the canola and cereal rye plots (Fig.
6). The clover aboveground biomass %K was also significantly higher than the pea aboveground
biomass %K (Fig. 6). In fall 2013, the aboveground biomass %K of forage radish was
significantly greater than that of canola and oat whereas the aboveground biomass K of pea and
cereal rye were significantly greater than that of canola oat as well (Fig. 7). In spring 2014, the
aboveground biomass %K of red clover was significantly greater than that of the canola and
cereal rye (Fig. 8). In fall 2014, the forage radish was the only treatment with aboveground
biomass significantly greater than the rest of the monoculture treatments (Fig. 9). In spring 2015,
the red clover aboveground biomass %K was significantly greater than the canola and cereal rye
aboveground biomass K (Fig. 10). The overall pattern shown is that for spring aboveground
biomass across 2013 and 2015, red clover consistently had the highest aboveground biomass %K
that was significantly different from the other cover crops. The fall biomass trend reveals that
forage radish had the highest aboveground biomass %K across 2012 and 2014.
The ANOVA models for the soil exchangeable K analyses did not identify a significant
difference in soil exchangeable K (ppm) concentrations among the different cover crop treatment
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plots per season. However, the ANOVA model for the soil exchangeable K analyses across the
baseline measurement in 2012 to spring 2015 for all treatments in the CCC 1.0 Project found that
soil exchangeable K concentrations significantly differed based on season at the 0.05 𝛼-level.
From Tukey’s HSD test, it was determined that the baseline soil exchangeable K levels
significantly dropped from summer 2012 to fall 2012 (Fig. 18). The soil exchangeable K levels
in fall 2013 increased and measured at levels significantly greater than those of summer 2012,
fall 2012, spring 2013, spring 2014, fall 2014, and spring 2015 (Fig. 18). Soil exchangeable K
levels in spring 2015 were significantly greater than those measured in summer 2012, fall 2012,
spring 2013, spring 2014, and fall 2014 (Fig. 18). In Fig. 19 through 22, the overall trend shows
that treatment plots accrue more potassium over time and more plots are categorized as having
above optimum amounts of soil exchangeable K and do not require additional fertilizer
supplements as time increases.
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Figure 5. Boxplot of aboveground biomass %K across monoculture cover crop
treatments in fall 2012. The bold black line represents the median. The box represents the
interquartile range. Error bars represent the standard error. Treatments with different
lowercase letters are significantly different in mean %K aboveground biomass as
determined by Tukey ‘s HSD post hoc test.
Table 3. Summary of fall 2012 biomass %K results from Tukey’s HSD post hoc test
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Figure 6. Boxplot of aboveground biomass %K across monoculture cover crop
treatments in spring 2013. The median is represented as the bold black line; The upper
and lower ranges (IQR) is represented as the box. Error bars represent the standard error.
Treatments with different lowercase letters are significantly different in mean %K
aboveground biomass as determined by Tukey ‘s HSD post hoc test.
Table 4. Summary of spring 2013 biomass %K results from Tukey’s HSD post hoc test
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Figure 7. Boxplot of aboveground biomass %K across monoculture cover crop
treatments in fall 2013. The median is represented as the bold black line; The upper and
lower ranges (IQR) is represented as the box. Error bars represent the standard error.
Treatments with different lowercase letters are significantly different in mean %K
aboveground biomass as determined by Tukey ‘s HSD post hoc test.
Table 5. Summary of fall 2013 biomass %K results from Tukey’s HSD post hoc test
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Figure 8. Boxplot of aboveground biomass %K across monoculture cover crop
treatments in spring 2014. The median is represented as the bold black line; The upper
and lower ranges (IQR) is represented as the box. Error bars represent the standard error.
Treatments with different lowercase letters are significantly different in mean %K
aboveground biomass as determined by Tukey ‘s HSD post hoc test.
Table 6. Summary of spring 2014 biomass %K results from Tukey’s HSD post hoc test

21

Figure 9. Boxplot of aboveground biomass %K across monoculture cover crop
treatments in fall 2014. The median is represented as the bold black line; The upper and
lower ranges (IQR) is represented as the box. Error bars represent the standard error.
Treatments with different lowercase letters are significantly different in mean %K
aboveground biomass as determined by Tukey ‘s HSD post hoc test.
Table 7. Summary of fall 2014 biomass %K results from Tukey's HSD post hoc Test
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Figure 10. Boxplot of above ground biomass %K across monoculture cover crop
treatments in spring 2015. The median is represented as the bold black line; The upper
and lower ranges (IQR) is represented as the box. Error bars represent the standard error.
Treatments with different lowercase letters are significantly different in mean %K
aboveground biomass as determined by Tukey ‘s HSD post hoc test.
Table 8. Summary of spring 2015 biomass %K results from Tukey's post hoc Test
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Figure 11. Boxplot of baseline soil exchangeable K (ppm) in the monoculture treatment
plots in August 2012. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.

Figure 12. Boxplot of soil exchangeable K (ppm) in the monoculture treatment plots in
fall 2012. The bold black line represents the median. The box represents the interquartile
range and the error bars represent the standard error.
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Figure 13. Boxplot of soil exchangeable K (ppm) measured in the monoculture treatment
plots in spring 2013. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.
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Figure 14. Boxplot of soil exchangeable K (ppm) measured in the monoculture treatment
plots in fall 2013. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.
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Figure 15. Boxplot of soil exchangeable K (ppm) measured in monoculture treatment
plots in spring 2014. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.
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Figure 16. Boxplot of soil exchangeable K (ppm) measured in the monoculture treatment
plots in fall 2014. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.
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Figure 17. Boxplot of soil exchangeable K (ppm) measured in the monoculture treatment
plots in spring 2015. The bold black line represents the median. The box represents the
interquartile range and the error bars represent the standard error.
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Figure 18. Soil exchangeable K (ppm) from all CC treatment plots from 2012 to 2015.
The bold black line represents the median. The box represents the interquartile range and
the error bars represent the standard error.
Table 9. Summary of 2012 to 2015 exchangeable K results from Tukey's post hoc test
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Figure 19. Baseline soil potassium sufficiency levels based on Mehlich-3 interpretations
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Figure 20. Soil potassium sufficiency levels based on Mehlich-3 interpretations across
2013 cover crop treatment plots
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Figure 21. Soil potassium sufficiency levels based on Mehlich-3 interpretations across
2014 cover crop treatment plots
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Figure 22. Soil potassium sufficiency levels based on Mehlich-3 interpretations across
2015 cover crop treatment plots
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Chapter 5
Discussion
This study examined differences in measured aboveground biomass K and soil
exchangeable K between different monoculture cover crop treatments within each season as well
as the potential associations between the aboveground biomass K and soil exchangeable
potassium across the duration of the CCC 1.0 project. Our investigation of K relations between
plants and soil were focused around whether there were significant differences between different
monoculture cover crops in terms of aboveground biomass K and soil exchangeable K. Potential
correlations between soil exchangeable K and aboveground biomass K across each planting
season were also incorporated into understanding the potassium dynamics in an organic cover
cropping system and the effects such crops have on K cycling.

Differences in foliar potassium among cover crop species

In the spring of 2013 and 2014, the aboveground biomass %K of red clover was
significantly higher than other spring cover crops (Fig.6 and Fig. 8). For each spring season
between 2013 and 2015, red clover had a significantly higher aboveground %K measurement
than the canola and cereal rye cover crops (Fig. 6, Fig. 8, and Fig. 10). There is little literature on
the mechanisms facilitating potassium uptake and storage in red clover. However, we postulate
that the differences in measured aboveground %K of the different monoculture treatments in the
spring may be associated with leguminous species demands for nitrogen fixation or intraspecific
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competition potentially linked to allelopathic properties of the plant itself. Red clover (Trifolium
pratense) is a leguminous species while the other two are non-leguminous species. As a legume,
red clover is capable of biologically fixing nitrogen via a symbiotic relationship with bacteria,
most commonly Rhizobia (Brady and Weil, 2010). In a recent study conducted by Mia et. al., the
researchers assessed the impact of biochar applications on nitrogen fixation of red clover (Mia et.
al., 2014). The researchers found that soil K and fixed nitrogen increased with biochar additions
(Mia et. al., 2014). They further found that solely under K fertilization, red clover fixed more
nitrogen than the other species in the study, red fescue grass and plantain (Mia et. al., 2014). The
potential role of K+ in activation of mechanisms associated with biological nitrogen fixation may
explain the spring trend in higher %K of the aboveground biomass of red clover. Red clover may
require a higher demand for K to drive nitrogen fixation that is not necessary in non-leguminous
species. Future studies may be interested in looking at K-dependent enzyme activity or energy
sources linked to biological fixation in leguminous species. Asparaginase, an enzyme of potential
interest of future research, is especially critical in nitrogen transport in leguminous plants has
been found to work efficiently in the presence of high concentrations of potassium in the xylem
(Blevins, 1985).
Canola (Brassica napus) is a brassica cover crop and cereal rye (Secale cereale) is a
cereal grain crop. It has been established in literature that many members of the Brassicaceae
family exhibit allelopathic activity which is attributed to the release of the glucosinolates such as
isothiocyanates (Choesin and Boerner, 1991). Choesin and Boerner have explored the
allelopathic potential of B. napus in relation to the production and release off allyl isothiocyanate
(Choesin and Boerner, 1991). The study found that allyl isothiocyanate was not the allelopathic
agent and that B. napus did not exhibit signs of allelopathy (Choesin and Boerner, 1991).
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However, a study conducted by Assaduzzaman et. al. assessed the allelopathic potential of
canola (Asaduzzaman et. al., 2014). The researchers found that when certain canola genotype
stand densities increased, the root and shoot growth in adjacent ryegrass (Lolium rigidum) stands
were inhibited; however, the allelopathic mechanisms were unclear (Asaduzzaman et. al., 2014).
B. napus has shown to play a role in interspecific competition via its allelopathic activity and
little research has been conducted on the allelopathic effect of B. napus on intraspecific
competition. There may be a potential intraspecific competition effect attributed to the
production of isothiocyanates within the monoculture treatments that is linked to the lower %K
aboveground measurements in canola. There is limited literature on this hypothesis and requires
future studies to assess intraspecific inhibition of nutrients such as potassium via allelopathic
mechanisms.
A trend was observed in the fall from 2012 to 2014 where the aboveground biomass % K
of forage radish was significantly higher than the aboveground biomass % K of canola. In fall
2014, the aboveground biomass %K of forage radish was higher than the rest of the fall cover
crops (Fig. 9). Both of these cover crops are brassica plants that share general characteristics
such as similar root morphology. Forage radish, however, has a deeper rooting depth that may
tap into more K than canola (Weil et. al., 2009). While both are considered forage species, B.
napus requires high potassium uptake in its early stages of growth and development; however,
this need declines as the plant matures (Mahli, et. al., 2007). This may explain the lower
aboveground biomass %K measured for B. napus in the fall since sampling was taken at canola
maturity.
Forage species are opportunistic when placed in conditions of adequate K environments
and will undergo luxury consumption (M. Hall, personal communication, April 4, 2019). Luxury
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consumption describes the process in which certain plants will continue to uptake nutrients
beyond the optimum threshold needed for essential growth and development (Brady and Weil,
2010; Van Wijk et. al., 2003). Further studies examining luxury K consumption rates of red
clover may explain the higher %K found in red clover as its rate of uptake may be higher than
that of canola and cereal rye.
Forage radish and canola both have deep taproot systems that are essential in extracting
nutrients such as nitrogen in compacted soils (Weil et. al., 2009). Furthermore, previous studies
have found that radish are also capable of producing root exudates that enhance nutrient
absorption. Zhang et al. found that R. sativus predominantly excreted tartaric acids under
phosphorus deprivation (Zhang et. al., 1997). B. napus exudes different organic acids (malic and
citric) under phosphorus deficient environments (Zhang et. al., 1997). The difference in organic
acid excreted may be a potential factor in differences in mobilization and uptake of other
nutrients such as potassium from the soil and a possible explanation for higher forage radish
biomass %K.

Variation in soil potassium
While the soil exchangeable K (ppm) was not significantly different between the different
monoculture cover crop treatment plots, soil exchangeable K across each season from 2012 to
2015 varied significantly. The highest soil exchangeable K was measured in fall 2013 and the
second highest was measured in spring 2015. The soil exchangeable K measurements in fall
2013 may have been higher due to the crop residues left from spring 2013 that were incorporated
into the exchangeable K pool. Other factors to consider in the differences in measured soil
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exchangeable K across all the treatment plots include manure additions and effects of mixed
cover crop treatment plots in the CCC 1.0 Project (Fig. 18 to Fig. 22). Manure additions were
applied before the planting of the cash crops: wheat in the fall and maize in the spring, which
may be a potential factor in the increase in soil exchangeable K measured in fall 2013 (Murrell
et. al., 2017). Furthermore, spatial variability (Fig. 3 and Fig. 4) may influence the soil moisture
and aeration conditions across different plots and influence the availability of exchangeable K.

Correlation between soil and foliar potassium
Prior to assessing the associations between aboveground biomass K and soil
exchangeable K per season, it was hypothesized that with an increase in K (kg K/ha) measured in
aboveground biomass of the cover crop, there would be a subsequent decrease in the soil
exchangeable K of the respective cover crop plot. Linear regression analyses were conducted to
test these associations of aboveground biomass K (average kg K/ha) versus soil exchangeable K
(ppm). After an inverse transformation was completed on the soil exchangeable K, a significant
interaction was found between the aboveground biomass K and inverse soil exchangeable K for
the Fall 2012 season at the 0.05 𝛼-level. The reported multiple r-squared value was 0.308 and
adjusted R-value was 0.276. For all other seasons, no interactions were found prior to and postinverse transformation of the soil exchangeable K data. Therefore, we could not conclude that
across all seasons, that there was an interaction between aboveground biomass K and soil
exchangeable K. There did not appear to be a drawdown effect from the cover crop uptake of K
and the amount of soil exchangeable K found in the cover crop plot. Instead as observed in Fig.
19 to Fig. 22, the number of cover crop plots measuring at above optimum soil exchangeable K
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levels increased from 2012 to 2015. This suggests that potassium was well above the critical
level for these cover crop plots and that no additional nutrient amendments were needed. This
increased K supply in soil suggests that the incorporation of cover crops between the cash crop
planting and harvesting seasons may have improved soil K fertility. The improvement in soil K
fertility may be attributed to the accrual in organic matter from cover crop residues.

Conclusion
Through this study, we have examined the effects of different monoculture cover crop
treatments with respect to soil K fertility and cover crop plant uptake K. The data suggest that
across the duration of the study, there was not a drawdown effect in the soil test potassium levels
due to cover crop uptake. This may be attributed to the physiological dynamics of the different
cover crop species. However, other environmental factors that were not assessed in this study
could explain the increase in potassium across the plots from 2012 to 2015. Future studies may
look to analyzing the soil and aboveground biomass K measurements in conjunction with other
factors such as weed biomass and soil moisture analyses during the time points in which soil and
plant K measurements are taken in each plot. Luxury consumption is another factor that may
explain the differences in aboveground biomass K between the different monoculture cover crop
treatments. Further studies looking into root exudate components and microbial interactions may
provide further clarification in the observed differences in aboveground biomass %K and K
uptake efficiency in cover crops. The increase in available soil K across different monoculture
cover crop treatments through this study suggest that crop removal did not lead to a nutrient
deficit; however, nutrient imbalances among the different cover crops linked to luxury
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consumption of K may be a potential consideration for K nutrient management in cover cropping
systems.
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Appendix A
Sample R code: Boxplots and ANOVA of aboveground biomass K

Fall 2012
library(openxlsx)
setwd("~/Desktop/Cleaned CCC Thesis Data/CCC Foliar K")
data12=read.xlsx("CC12 Working data.xlsx")
foliarK=data12$`K.%`
foliarK
cc_treatment=data12$covercrop
boxplot(foliarK~cc_treatment,data=data12,xlab="Cover Crop Treatment",ylab="%
K",ylim=range(1.5:7.5),las=1)
tapply(foliarK,cc_treatment,mean)
tapply(foliarK,cc_treatment,sd)
tapply(foliarK,cc_treatment,length)
oneway.test(foliarK~cc_treatment)
aov.out=aov(foliarK~cc_treatment,data=data12)
summary(aov.out)
summary.lm(aov.out)
TukeyHSD(aov.out)
plot(aov.out)
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Appendix B
Sample R code: Boxplots and ANOVA of soil exchangeable K (ppm)

Summer 2012

data12=read.xlsx("Fa 12 Soil K.xlsx")
soilK=data12$`K.(ppm)`
soilK
treatment=data12$covercrop.trmnt
boxplot(soilK~treatment,xlab="Cover Crop Treatment",ylab="Soil Exchangeable K
(ppm)",ylim=range(70:250),las=1)
tapply(soilK,treatment,mean)
tapply(soilK,treatment,sd)
tapply(soilK,treatment,length)
oneway.test(soilK~treatment)
aov.out=aov(soilK~treatment,data=data12)
summary(aov.out)
summary.lm(aov.out)
TukeyHSD(aov.out)
plot(aov.out)
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Appendix C
Sample R code: Linear regression analysis of soil exchangeable K (ppm)

Fall 2012

library(openxlsx)
setwd("~/Desktop/THESIS biomass K folder")
data=read.xlsx("mass of K_12 THESIS.xlsx")
y=data$`meankg.K/ha`
x=data$`Exchangeable.K.(ppm)`
names=data$plot
plot(x,y)
text(x,y,names)
plot(x,log(y))
plot(log(x),y)
inv_x=1/x
plot(inv_x,y)
model1=lm(y~inv_x)
summary(model1)
plot(model1)
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