ABSTRACT

KILE, LILY Improving Phosphorus Efficiency in Low and High Input Agricultural Systems
(under the direction of Dr. Luke Gatiboni)

Phosphorus (P) is essential for global food production but is a finite and unevenly
distributed resource. The way P is currently managed contributes to both yield limitations and
environmental harm. In high-input agricultural systems, typically found in developed countries,
overreliance on P fertilizers leads to inefficient use and nutrient runoff, exacerbating water
quality issues. In contrast, low-input systems, often in less developed regions, face restricted
access to fertilizers and high rates of soil P fixation, resulting in chronically low yields. Despite
these contrasting challenges, both systems share a common need to improve P efficiency,
enabling gains in food production, environmental protection, and long-term resource
sustainability. This dissertation explores P efficiency across biological and behavioral domains
through three studies. The first study investigates genotypic variation in P acquisition and
internal utilization efficiency among three maize inbreds. Under nutrient-limited conditions, the
tropical-adapted genome CML530, representing added genetic variation, demonstrated superior
phosphorus acquisition efficiency (PAE), driven by greater fine root investment. CML530 also
showed the highest phosphorus use efficiency (PUE), producing more biomass per unit of P
taken up. However, in the second study, which extends this comparison to soil under medium
and high soil test P, NC358 showed a superior PUE with minimal root allocation, while
CML530’s root dominant strategy offered potential advantages under low-input conditions.
Chemical fractionation of the rhizosphere, combined with synchrotron X-ray absorption
spectroscopy (XANES), revealed that only the labile P fraction was sensitive enough to reflect

short-term changes in plant uptake. This highlights the limitations of current methods in



capturing subtle shifts in bioavailable P. The third study shifts focus to high-input agriculture
using a survey of North Carolina farmers to examine behavioral, psychological, and economic
drivers of P overapplication. Based on self-reports of farmers, findings reveal these farmers are
applying P fertilizers beyond the critical soil test value, even when soil test recommendations
indicated it was unnecessary. Tax-based disincentives may be ineffective, as many farmers
indicated they were price-insensitive to P fertilizers. Improving P efficiency in high-input
systems may require local trusted technical assistance and continued extension education.

Together, these studies reveal genetic and behavioral pathways for more efficient global use of P.
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Introduction



The Essentiality of Phosphorus

Phosphorus (P) is a critical, yet often overlooked, component of modern life. Phosphorus is
integrated in a wide range of industrial and consumer applications. For example, P is a major
component in food additives, corrosion inhibitors, flame retardants, and wastewater treatment
processes. Phosphorus is even an essential component of soft drinks, such as Coca-Cola, and
many everyday household products, such as food, beverages, and detergents, creating a societal
dependence on this critical resource (Moser et al., 2015).

Even more importantly, P is indispensable for the growth of plants. Phosphorus plays a
critical role in energy transfer, as a structural component of adenosine triphosphate (ATP).
Almost all metabolic reactions involve phosphate derivatives. This is why P deficiency in crop
production is associated with stunted growth and development. Furthermore, P plays an essential
role in other physiological functions, including membrane transport, cytoplasmic streaming,
photosynthesis, protein synthesis, fruit and seed development, phospholipid biosynthesis, nucleic
acid synthesis, RNA and DNA, and the biosynthesis of cellulose, hemicellulose, and lignin
(Hammond et al., 2004). Phosphorus is also critical for root development, seed production, and
nucleic acid formation (Raven et al., 2018). Despite its ubiquity, P subsists as a non-renewable
resource, and without substitute in its essential functions, making sustainable management of P a
growing global requisite. Efficient use of P still remains a critical issue in achieving both food
security and environmental protection (Hammond et al., 2004). Right now, society faces
challenges in the increasing demand for food, environmental catastrophes, fertilizer resource
scarcity, and supply chain failures have heightened the urgency for innovative and context
specific solutions. This dissertation contributes to these goals by integrating agronomic,

behavioral, and economic perspectives to improve P management across contrasting systems.



Challenges of Global Supply and Distribution of Phosphorus Fertilizers

While P is undoubtedly essential for many things, especially food production, its
availability is inherently limited by nonrenewable geological reserves (Scholz & Wellmer,
2013). Historically, P fertilization was derived from organic sources. The Inca civilization used
guano droppings as a fertilizer (Mikkelsen, 2019). This practice expanded throughout North
America following Spanish colonization. But by the mid 1800s, guano reserves were largely
depleted. In England, human and animal bones were initially the dominant source of P. This was
widely inefficient and ineffective as bones would take a tremendous number of years to release
phosphate. Advancements in the 1840s allowed the acidification of bones through sulfuric acid
for phosphorus fertilizers to become (Mikkelsen, 2019). This innovation led to the production of
superphosphate fertilizers, which are much more readily available (Scholz & Wellmer, 2013).
This innovation also enabled the use of geological deposits of apatite, a naturally occurring
phosphate mineral, marking the beginning of widespread inorganic P fertilizer use. These
advancements in fertilizer were a major part of the “green revolution” that was responsible for
the massive increases in yields that some farmers in high input systems are able to achieve today.

However, while an innovation may have a tremendous benefit to society, a reliance on
any advancement opens up the possibility of risk, as distribution failures could lead to
catastrophes. For example, the 20™ century saw rapid industrialization of P mining, with global
supply chains becoming increasingly interdependent. However, geopolitical shifts, such as the
breakup of the Soviet Union, resulted in substantial disruption to global P production and
distribution (Scholz & Wellmer, 2013). These disruptions were earlier signals of the
vulnerability of the supply chain to political instability. This is particularly important as P

reserves are both geologically constrained and asymmetrically distributed across the globe.



Sedimentary deposits account for the majority of global phosphate rock (PR) deposits
(Lal & Stewart, 2016). However, such deposits are constrained in few countries, such as
Morocco, China, and the United States. Moreover, some of the sedimentary deposits also
contain higher concentrations of undesirable elements such as cadmium, which can be as great as
69% higher than the igneous deposits (Scholz & Wellmer., 2013). For example, North Carolina’s
once substantial PR reserves had cadmium concentrations as high as 38 mg/kg. Igneous deposits
are located in Russia and are typically lower grade and lower reactivity. The mineralogy of the
PR deposit strongly influences its effectiveness and marketability. Sedimentary PR that has
higher carbonate substitution are more reactive, making them more suitable for production.
While lower grade PR is often used domestically, higher grade material is typically exported.
These high-grade deposits are declining in availability effective (Mikkelsen, 2019). But the
global market has become increasingly dependent on fewer, high-quality sources, often located

in geopolitically sensitive regions.

Challenges in Managing Inorganic Soil Phosphorus

Beyond the constraints of finite reserves and uneven global distribution, the challenges of
P conservation are further exacerbated by the complex chemical dynamics of soil (McDowell et
al., 2023). Even when P is present in soils, its availability is constrained by chemical and
biological processes. Phosphorus is taken up by plants as phosphate, specifically in the two
forms: HoPOs™ and HPO4* (Hammond et al., 2004). The ratio between these forms are governed
by soil pH. H,PO4™ dominates under mildly acidic conditions and is the preferred form for plant
uptake (Barber, 1995). At higher pH levels, HoPO4* increases, but is taken up less efficiently by

plants. Soils at a pH between 5.5 and 7.2 have more favorable conditions for P availability



because it limits the fixation that occurs in acid and basic conditions. However, even under
optimal pH, P availability remains limited due to its low mobility and strong sorption to mineral
surfaces (Barber, 1995). Following fertilizer application, phosphate ions are rapidly (within
seconds) adsorbed to soil particles. This is especially the case in clays with high surface area and
lower CEC, as metal oxides (Lal & Stewart, 2016). After the rapid adsorption occurs, a slower
phase of fixation occurs where precipitation occurs. These mechanisms lead to the formation of
non-labile phosphorus pools, which are not readily available to plants. In most soils, P becomes
immobilized through strong interactions with aluminum and iron oxides in acidic conditions. In
alkaline soils, P becomes immobilized with calcium-forming precipitates (Barber, 1995; Lal &
Stewart, 2016). These reactions reduce the concentration of phosphate ions available in soil
solution (Barber, 1995). For example, iron oxides can form inner sphere complexes with

phosphate, which removes phosphate from biological circulation (Blinemann, 2010).

Challenges in Managing Organic Soil Phosphorus

Phosphorus also is involved in biological cycling through organic matter decomposition,
microbial mineralization, and plant root exudates (Biinemann, 2010). Organic P originates from
plant or animal residues and can typically account for 30%, and as great as 80% of total P
(Turner et al., 2005). The dominant form of organic P is inositol phosphate, the most common of
which is phytate, or myo-inositol hexaphosphate (Barber, 1995). This can represent 50-90% of
the total organ P fraction (Turner et al., 2005). Phytate is relatively stable in the soil due to its
strong affinity for cations, which also leads to precipitation under acidic and alkaline conditions.
Phytate is also subject to adsorption and desorption dynamics in the soil, as can be strongly

sorbed to clay minerals, especially metal oxides (Turner et al., 2005). So, phytate is a dominant



form of soil organic P due to its reactiveness with cations and clay minerals and consequent
unavailability to plants and microorganisms. Phosphate diesters, such as nucleic acids,
phospholipids, and sugar phosphates, exhibit faster turnover rates than phytate, making them
more available for plant uptake (Turner et al., 2005). However, these forms constitute a much
smaller fraction of organic P (in general less than 5%).

Organic matter and organic P can influence availability through several mechanisms.
Organic anions can compete with phosphate for sorption sites on mineral surfaces, reducing P
fixation (Turner et al., 2005). Organophosphate complexes may be more soluble over time than
inorganic P that forms bidentate bonds with clay surfaces and iron oxides. This suggests that
there may be some enhanced potential to contribute to the soil solution P pool (Turner et al.,
2005). The transformation of organic P into plant available forms is governed by enzymatic
hydrolysis of specific phosphorus containing bonds like phosphate esters and phosphonates
(Blinemann, 2010). A critical determinant of whether organic P is released in solution is
mineralization (Barber, 1995). Microbial activity in the decomposition of plant matter does
replenish the soil solution with bioavailable P. However, this process is often too slow to meet
the high crop demands in agricultural production, particularly in high-input systems (Barber,

1995).

Inefficiencies in the Use of Phosphorus
As aresult of these complex soil interactions, farmers in high input systems frequently

apply more P than is removed by crops (McDowell et al., 2023). Over time, this practice leads to



an excess pool of P present in the soil, known as “legacy phosphorus”, or “legacy P (Shober et
al., 2024). This pool consists of adsorbed and precipitated forms of P that are less accessible to
plants, yet still pose environmental risks. The resulting inefficiencies create a paradox: in low-
input systems, crop yields are limited by insufficient P availability, while in high-input systems,
excess application contributes to long-term soil accumulation and environmental degradation
(Hammond et al., 2004; Lal & Stewart, 2016). Compounding the issue, overapplication in
industrialized regions depletes finite global phosphate reserves. This undermines the sustainable
use of P on a global scale. These dynamics highlight the critical need for improved P
management strategies that balance agronomic performance with environmental protection and

global resource conservation.

Purpose of this dissertation

This dissertation addresses the efficient use of P from both high-input and low-input
systems, recognizing that barriers to efficiency differ significantly across contexts. In low-input
systems, where access to fertilizer is limited, improving P use depends largely on the plant’s
inherent ability to acquire and utilize the nutrient (Hammond et al., 2004; Lal & Stewart, 2016).
This collection of studies explores the root and physiological traits that contribute to phosphorus
acquisition efficiency (PAE) and internal utilization efficiency (PUE). The goal of these studies
is to explore how different corn genotypes respond to phosphorus-scarce conditions. Failures in
fertilizer distribution and use, such as poor infrastructure, market fragmentation, poverty, and
policy inefficiencies often prevent even small amounts of P inputs from reaching many farmers
around the globe. When these challenges are compounded by the occurrence of low native soil P

availability and high P-fixing capacity, they create an especially unfavorable scenario for crop



production. These limitations amplify the importance of PAE and PUE (Hammond et al., 2004).
The complex chemistry of P in soil, including strong sorption to iron and aluminum oxides limits
its availability even when some P is added as fertilizer. As a result, genotypes must not only
scavenge P more effectively from the soil but also use what is absorbed with greater internal
efficiency (Raven et al., 2018). Improving these traits offers a pathway to mitigating the
agronomic constraints imposed by fertilizer inaccessibility and inefficiency.

Conversely, in high-input systems where fertilizers are readily available and often applied
in excess, P efficiency is less constrained by biology and more by human behavior. In many
industrialized nations, overapplication of P is widespread (McDowell et al. 2023). This practice
contributes to eutrophication in freshwater systems and poses major environmental risks.
Excessive P can also have agronomic consequences. For example, excessive levels can disrupt
plant nutrient balance, antagonizing the uptake of micronutrients such as zinc (Lal & Stewart,
2016). These inefficiencies are not driven by access limitations, but by behavioral and
psychological factors. Psychological factors like risk aversion are a part of the human psyche and
can be a strong driver of behavior. This dissertation examines the behavioral, psychological, and
economic drivers that shape farmer decision-making around fertilizer use. This dissertation aims
to identify points for improving application practices and promoting more sustainable nutrient
management and advance stewardship of P across contrasting agricultural systems. By
addressing both the biophysical and human dimensions of P management, this dissertation
contributes to a more resilient and sustainable future in global agriculture.

This dissertation is organized into two parts, and three core chapters. Part One explores
opportunities in improving the use of P in low input agricultural systems. Chapter One

investigates genotypic variation in ion uptake kinetics, root traits, and PUE. Given the



complexity of P acquisition, this dissertation places special emphasis in this chapter on
genetically controlled root traits that can improve P acquisition and utilization in low input
systems. Chapter Two investigates these same genotypes in low P soils to evaluate acquisition
efficiency, and also chemical changes in the soil that might alter the bioavailable forms of P. Part
Two, containing chapter three, examines behavioral and economic drivers of overapplication in a
high input system in North Carolina. Together, these studies offer a perspective on the challenge

of improving P efficiency in global agriculture.
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Part 1: Improving Phosphorus Use in Low-Input systems

CHAPTER 1
Comparing Phosphorus Acquisition Efficiency (PAE) and Phosphorus Use Efficiency
(PUE) in Three Corn Genotypes
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Abstract

Insufficient phosphorus (P) can lead to significant reductions in crop yields, often
necessitating the application of large amounts as fertilizer to sustain production. However, P is a
finite resource and must be used efficiently to prolong global reserves. One strategy to improve
the efficient use of P resources is to develop crop varieties that can rapidly acquire and utilize P
efficiently, particularly under limited availability. This study evaluates genotypic differences in P
uptake kinetics, P utilization, and root morphological traits among three distinctive genotypes of
corn (Zea mays L.): B73, NC358, and CML530. Phosphorus influx was measured in 45-day-old
plants at 0, 1, 2, 4, 7, 12, 18, and 24 hours following the reintroduction of P after a 24-hour cut
off from nutrient solution. The biomass of the shoots and roots were largest in CML530 but had
the lowest concentration of P in shoots. Therefore, CML530 presented the highest phosphorus
use efficiency (PUE), followed by NC358 and B73. The initial P influx was highest in CML530,
indicating that a larger root system allowed for quicker P uptake in the first hour after P was
reintroduced into the nutrient solution. All genotypes reduced the P influx after the first hour.
Based on the reintroduced P supplied, cumulative P influx would reach similar, close-to-
maximum values after 22, 45, and 66 hours for the CML530, NC358, and B73 genotypes,
respectively. The root morphology indicated that the number of fine roots (<0.5 mm diameter)
and small roots (0.5-1.0 mm diameter) were the primary drivers of PUE. Phosphorus uptake
normalized by root area and length showed similar performance between CML530 and B73,

indicating that the most the extent of the root system was also the primary driver of acquisition.

12



These results suggest that fine roots should be prioritized in genetic and phenotypic selection

efforts for improved P efficiency.

Introduction

Modern agriculture in many developed regions relies heavily on external fertilizer inputs
to sustain high crop yields. Most crop varieties currently used were selectively bred for high
responsiveness to these inputs (Lynch, 2007). As consequence, the average corn yield in the
United States (U.S.) has been constantly increasing, rising from 2,400 kg ha'' in 1950 to 11,250
kg ha! in 2024 (NASS, 2024). However, these accomplishments do not come without costs.
While this approach has led to historically high yields, other traits, such as nutrient use
efficiency, have been neglected (Wang et al., 2021; Pingali, 2012; Rose & Wissuwa, 2012),
resulting in a dependency on the high availability of nutrients and a reliance on mineral
fertilizers. Among the high-input nutrients is phosphorus (P), a critical macronutrient whose
global supply is almost entirely dependent on mined phosphate rock, a resource that is limited in
both distribution and accessibility (Wang et al., 2021; Chen & Graedel, 2016). The accessibility
and affordability of P fertilizers are increasingly threatened by resource depletion, supply chain
vulnerabilities, and inefficiencies in fertilizer use (Lynch, 2011). Modern cultivars are not bred
for efficient use of phosphorus (Rose & Wissuwa, 2012). Furthermore, P stands out as a
particularly challenging nutrient to manage. It is relatively immobile in the soil, prone to
fixation, and often unavailable to plants even when present (Urlic et al, 2023; Lynch, 2011). As a
result, a portion of the P applied never reaches the crops, leading to economic losses (Chen et al.,
2002) and contributing to the accumulation of soil Legacy P (Condron et al., 2013). To address

this, the next wave of crop improvement may include optimizing phosphorus acquisition
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efficiency (PAE) and phosphorus use efficiency (PUE) through genetic strategies (Lynch, 2007;
Lynch, 2011; Griffiths & York, 2020). Breeding P efficient crops can provide benefits in both
high and low input systems, but particularly in low-input systems where access to fertilizer is
extremely limited.

Genetic differences resulting from plant adaptation can lead to variations in affinity for
nutrient transporters (Kulmann et al., 2020). Such variations in transporter affinity can affect
how different plant cultivars may take up nutrients differently at different nutrient
concentrations. Yet plant tissue nutrient concentration alone is insufficient to understand the role
that genetics play in nutrient uptake. Tissue concentration only provides information about the
amount of nutrient stored within the plant. Quantifying net P influx over time provides functional
insight into uptake capacity, transporter regulation, and response to changing external P supply
(Griffiths & York, 2020; Nielson & Barber, 1978). Short-term depletion studies can capture
dynamic phases, or rapid initial influx under starvation, followed by a regulated decline
(Hammond et al., 2004). Because soil P in solution is typically low relative to plant demand,
genotypic differences in high-affinity uptake systems may be agronomically meaningful.

Lynch (2007) describes nutrient acquisition efficiency as an “untapped pool of useful
phenotypic variation.” To better understand the relationship between plant genetics and nutrient
acquisition and efficiency, the P influx of the plant varieties being tested must first be understood
(Griffiths & York, 2020). This would include the maximal net P influx, which provides valuable
insight into the role that genetics and root phenotype play in P absorption under different
scenarios of P availability and their influence on PAE. Calculating nutrient uptake based on net
influxes provides additional and more accurate information as to how much of a nutrient is being

taken up as a function of time. Furthermore, understanding temporal uptake patterns, such as a
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rapid influx followed by a secondary phase, can reveal physiological regulation (Hammond,
2004).

In addition to ion uptake kinetics, another plant characteristic that is closely related to
PAE, is root morphology (Kulmann et al., 2020). Growth in a high phosphate environment
promotes lateral root formation in maize to aid in P acquisition (Hochholdinger, 2009). Drew &
Saker (1978) demonstrated that localized phosphate availability induces specific changes in root
architecture, specifically, increased lateral root growth in phosphate present regions. This
physiological plasticity enables plants to compensate for phosphate deficiencies or spatial
heterogeneity by promoting changes in their root systems. This is one example of how dynamic
root systems can be in terms of nutrient acquisition. This is why examining root morphology in
conjunction with uptake kinetics is crucial for understanding the genetic influences on PAE
(Hammond et al., 2004). By examining both influx rates and root structural characteristics, this
work aims to clarify how genetic variation influences the capacity and efficiency of P uptake
(Hammond et al., 2004). Such insights are relevant for improving PAE in fertilized systems,
where rapid uptake may reduce losses. In low-input systems, such insights can be used to
identify genotypes best suited to environments with limited fertilizer access or P deficiency,
where enhanced efficiency becomes critical.

In addition to PAE, PUE plays a critical role in a plant's ability to utilize P in a system
where P is limited. PUE describes an internal efficiency in utilizing P that is already acquired.
This can encompass physiological and biochemical processes like P remobilization, transport,
and metabolic recycling. Higher PUE allows for a crop to maintain the same biomass, or even
yield, while maintaining a low concentration of a nutrient applied. A review article on PUE by

Rose & Wissuwa (2012) describes a way to measure PUE by defining it as “biomass produced
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per unit P accumulated in the tissue.” This definition is adopted in the present study when
comparing internal utilization of P across genotypes. Therefore, to better understand the
relationship between plant genetics and phosphorus efficiency, this study investigates PUE in
conjunction with PAE attributes such as root morphological traits and short-term P uptake
kinetics, across three different corn (Zea mays) genotypes: B73, NC358, and CML530. These

findings may ultimately guide breeding strategies for diverse agronomic contexts.

2 Materials and Methods
2.1 Genotypes Selected

The three corn genotypes selected in this experiment were B73, CML530, and NC358.
Genotype B73 is a stiff-stalk inbred line developed at lowa State University in 1972 (Russell,
1972). This genotype is fundamental to modern breeding programs due to its genetic consistency
and favorable agronomic traits. Notably, B73 was selected as the reference genome for the first
publicly available maize genome assembly, making it one of the most thoroughly characterized
maize lines to date (Wei et al., 2009). It has contributed significantly to the genetic background
of many commercial hybrids currently grown in the U.S. In this study, B73 is used as a
representative of many of the modern corn varieties grown today.

CML530 is an inbred maize line adapted to tropical and subtropical environments (Guo
et al., 2020). It is a part of the Centro Internacional de Mejoramiento de Maiz y Trigo
(CIMMYT) Maize Line (CML) series, which was developed to broaden the genetic base of
maize breeding programs by introducing greater diversity and enhancing resilience to
environmental stresses (Guo et al., 2020). Importantly, this includes tolerance to nutrient

limitations. In this study, CML530 is used as a representative of genetic variation and adaptation,
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particularly relevant since many tropical and subtropical soils are naturally low in phosphorus.
NC358 is a temperate inbred line that contributes to genetic diversity and genomic resources to
the U.S. Like B73, it is also fully sequenced. Genetically, NC358 exhibits contributions from
both tropical and temperate germplasm, positioning it between the tropical line CML530 and the
temperate line B73 (Guo et al., 2020). In this study, NC358 serves as a useful midpoint for

examining phosphorus efficiency.

2.2 Experimental Setup

The three genotypes were selected and assigned in a completely randomized design with
eight replications. Corn seeds were germinated using sterilized germination paper cut into 10 cm?
squares, which were placed in standard 100 x 15 mm sterile petri dishes containing 2 mL of
deionized water. Treated seeds were spread out around each dish, sealed with parafilm, and
stored in a dark drawer for 24 hours. Plates were set out on a lab bench, and after three days,
covers were removed to allow shoot emergence. DI water was added daily for the five days to
prevent root desiccation. After seven days, the seedlings were then transplanted into 20 cm wide
3.5 L buckets with lids (Figure 1a). Holes, measuring 3.5 cm in diameter, were drilled in the
center of each bucket lid. Seedling holders (3.5 cm diameter x 2.0 cm height) were made from

polyurethane foam (Figure 1b) and inserted into the holes of bucket lids.
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Figure 1- (a) Individual buckets containing nutrient solution. (b) Seedlings ready to be transplanted to the
nutrient solution, placed in foam holders.

2.3 Nutrient Solution

Five day old seedlings were transplanted from petri dishes to buckets containing 3 liters
of nutrient solution and maintained in a greenhouse. Hoagland’s 50% hydroponic solution was
used to grow seedlings for 45 days, allowing for acclimation and plant maturity before data
collection (Hoagland, 1920). This solution included all essential plant nutrients (Table 1), and the
solution in the buckets was maintained under continuous aeration with air pumps. The pH of the
nutrient solution was adjusted daily with 0.05 mol L' hydrochloric acid to maintain a pH of 5.5
+ 0.3 (Singh & Dunn, 2017). The nutrient solution was replaced entirely every week. The
electrical conductivity (EC) of the solution was also tested periodically and maintained between
1.6-2.5 mS cm! (Singh & Dunn, 2017). Plants were grown in a temperature and lighting

controlled greenhouse at 24-29°C with fifteen hours of daylight.

18



Table 1: Composition of stock solutions for Hoagland’s 50% Nutrient Solution

Source Compound Chemical Formula Concentration Amount Rate
| (Mol L1 used (g) (mL L-1)
Potassium Nitrate KNO?* 101 2.00 x 10° 101.00 2.50
Calcium Nitrate Ca(NO*)?2 4H,0 2.00 x 10° 236.00 2.50
Magnesium Sulfate MgSO4 7H,0 2.00 x 10° 246.50 1.00
Monopotassium KH>PO4 1.00 x 10° 68.00 1.00
Phosphate
Boric Acid H3BOs 2.31 x 1072 1.43 1.00
Manganese (II) Chloride MnCl, 4H,O 4.57 x 1073 0.905 1.00
Zinc Sulfate ZnS04 7TH,0 3.83 x 10* 0.110 1.00
Copper (II) Sulfate CuSO4 5H,0 1.60 x 10+ 0.040 1.00
Molybdic Acid H>MoO4 HO 2.50 x 10* 0.045 1.00
Iron Chelate! FeSO, 7H,0, - - 0.75
EDTA-Na>, KOH

Tron chelate solution was prepared from FeSO, 7H,O 7.8 g, EDTA-Na, 10.4 g, and KOH 56.1 g dissolved in 1 L deionized water

2.4 Ion Uptake Kinetics Procedure

The P uptake kinetics is based on evaluating the rate of P uptake, where a known
concentration of P is supplied, and the nutrient solution is sampled at regular time intervals and
the decrease of P concentration is determined. Prior to starting the experimental evaluation.
Preliminary measurements were taken to estimate an appropriate initial P concentration. This
was necessary to ensure that phosphorus availability remained within a dynamic range suitable
for detecting genotypic differences in uptake. Once a range was established, the depletion
procedure described by Claassen and Barber (1974) was followed. Plants were taken out of the
complete nutrient solution and placed in DI water for 24 hours prior to collection day in to
deplete residual phosphorus and reset uptake conditions. On collection day, plants were
transferred back into a complete nutrient hydroponic solution, except that the total P provided in
solution was 58 uM, which is a concentration of about .5 mg L'. A 5 mL of each solution was
collected at eight different sampling times from each replicate at hour 0, 1, 2, 4, 7, 12, 18, and 24
to track P depletion over time. The P concentration in solution was determined by molecular

spectrophotometry, following the Murphy and Riley protocol, which forms a blue-colored
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complex measurable by spectrophotometry at 882 nm (Murphy & Riley, 1962). Phosphorus
uptake kinetics were analyzed statistically using JMP 18.2.0 (JMP Statistical Discovery LLC.,
2024), employing a one-way analysis of variance (ANOVA) to assess differences among
genotypes. When significant differences were found, mean separations were performed using

Tukey Honestly Significant Difference (HSD) test at a significance level of p < 0.05.

2.5 Plant Trait Sampling

Immediately upon completion of the kinetic sample collection day, data were collected
on plant height by measuring each plant from the crown to the apex of the uppermost leaf. After
plants were harvested, each plant was separated at the apex, and the biomass of roots and shoots
were measured. Roots and shoots were oven dried at 4555 °C and weighed to obtain dry matter
weight. Tissue concentration of P, and other nutrients were determined by wet digestion
followed by quantification in inductively coupled plasma optical emission spectrometry (ICP-
OES) by the North Carolina Department of Agriculture and Consumer Services (NCDA&CS
Agronomic Division, Raleigh, NC). Phosphorus use efficiency (PUE) was calculated as the
amount of plant biomass produced per unit of P taken up (Urlic et al, 2023).

To account for differences in root system size and morphology, and to determine if
differences seen in P acquisition were due to kinetic parameters, P uptake data were normalized
to include root parameters such as root weight and fine root length. Normalized uptake values
were visualized graphically to highlight genotypic variation in uptake efficiency independent of
total root biomass. A separate experiment with 24 replications per genotype was carried out in a
greenhouse under the same growing conditions for root morphological analysis. Root

morphological data were collected by scanning through WinRHIZO image analysis system
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(Regent Instruments Inc., Quebec City, Canada) and analyzed for differences in total root length,
total root area, and differences in root type. Roots were categorized based on diameter fine (0.0—
0.5 mm), small (0.51-1.0 mm), medium (1.1-2.0 mm), or coarse (> 2.0 mm), and mean values
for each morphological parameter were calculated for each category (De Graaff et al., 2013).
Plant height, plant biomass, PUE, and tissue nutrient concentration were statistically analyzed
using JMP 18.2.0 (JMP Statistical Discovery LLC., 2024), employing a one-way analysis of
variance (ANOVA) to assess differences among genotypes. When significant differences were
found, mean separations were performed using Tukey Honestly Significant Difference (HSD)

test at a significance level of p < 0.05.

3 Results and Discussion
3.1 Genotypic Variation in Traits and Phosphorus Use Efficiency

The P values presented in Table 2 indicate that the genotypes were statistically different
(p <0.05) from each other in: plant height, total dry matter, shoot dry matter, root dry matter, P
concentration accumulated in shoot tissue and root tissue, PUE, total root length and area of both
fine and small root diameter classes, area of coarse roots, and total root length and area.
Conversely, the root to shoot ratio, length of medium and coarse roots, and area of medium roots

did not significantly differ among the genotypes.
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Table 2 — P values from the ANOVA for genotypic variation of plant characteristics observed in B73,
CML530, and NC358 after 45 days of growth with nutrient solution in a greenhouse

Plant parameter P value
Plant height, cm <0.0001
Total dry matter, g <0.0001
Shoot dry matter, g <0.0001
Root dry matter, g <0.0001
Root/Shoot ratio 0.0932
P concentration in the shoots, mg kg-1 0.0002
P accumulation in the shoots, mg plant-1 <0.0001
Phosphorus Use efficiency (PUE) <0.0001
Length of fine roots (diameter <0.5 mm), cm <0.0001
Length of small roots (diameter 0.5 — 1.0 mm), cm 0.0038
Length of medium roots (diameter >1.0 — 2.0 mm), cm 0.1695
Length of coarse roots (diameter > 2.0 mm), cm 0.0439
Total root length, cm <0.0001
Area of fine roots (diameter <0.5 mm), cm? <0.0001
Area of small roots (diameter 0.5 — 1.0 mm), cm? 0.0043
Area of medium roots (diameter >1.0 — 2.0 mm), cm? 0.0839
Area of coarse roots (diameter > 2.0 mm), cm? 0.0362
Total root area, cm? <0.0001

CML530 had a greater shoot length than NC358 and B73 (Figure 2a-b). Shoot dry matter
was also the greatest in CML530 and smallest in B73 (Figure 2c-d). Conversely, shoot tissue
concentration of P was significantly higher in B73 than in CML530 (Figure-f). One possible
explanation as to why B73 had the highest concentration of P is that B73 had less growth, but the
same P uptake, resulting in a higher percentage stored in the tissue. Or rather, CML530 had a
lower P concentration because P was diluted across the much larger biomass. However, another
likely explanation is that CML530 may be most efficient in both P use, and P acquisition as more
P is taken up quickly, and less P is required to be stored in the biomass. Given that CML530 is a
tropical adapted genotype (Guo et al., 2020), lower shoot P concentration may reflect an
inherently lower tissue P requirement or a different strategy for P allocation. While these
possibilities suggest a form of PUE, further investigation is needed to confirm whether internal

utilization was used or the low concentration reflects the biomass driven dilution.
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Figure 2 — Plant traits observed in B73, CML530, and NC358 after 45 days of growth with nutrient solution
in a greenhouse. Shoot length (a), root dry matter (b), shoot dry matter (c), total dry matter (d), P in shoots
(e), and P uptake by shoots (f). Levels not connected by the same letter are significantly different according to
the Tukey HSD test
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The carbon and energy expenditures associated with maintaining a larger root system can
be costly for plants (Raven et al., 2018; Lynch, 2011). However, while CML530 was shown to
have a larger and more complex root system, the root to shoot ratio was no different than the
other genotypes (Figure 3a). The total biomass produced per mg of P (PUE) was the greatest in
CML530 and lowest in B73 (Figure 3b). There were no differences among any of the genotypes
in root to shoot ratio, showing that differences in PUE were independent of carbon allocation
expenditures. The higher PUE seen in CML530 indicates that there is enhanced internal

utilization of P, as less P is required to maintain a larger biomass.
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Figure 3 — Root/shoot ratio (a) and Phosphorus use efficiency (b) observed in B73, CML530, and NC358
after 45 days of growth with nutrient solution in a greenhouse. Levels not connected by same letter are
significantly different by Tukey HSD test.

3.2 Root Morphology and Class Size Distribution

Intensive root systems aid in nutrient acquisition. However, in breeding for P efficient
crops, the metabolic cost of maintaining a greater root system should be considered. In this
study, while CML530 exhibited the greatest root system, the ratio of roots to shoots was no

different from CML530 than the other genotypes. Root images of NC358, CML530, and B73
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highlight distinctive architectural features that relate to their P uptake behavior. The root system
of CML530 (Figure 4) is dense, highly branched, and displays many lateral roots, which are
effective for P acquisition (Hochholdinger, 2009; Lynch, 2007). In contrast, B73 and NC358
display sparser branching, more vertical exploration, and are more optimized for root depth, an
advantage for water and nitrogen acquisition (Lynch, 2007). Root angle is another important
factor for PAE (Lynch, 2011). While the root angles of all the replicates were not measured in
this study, there were clear visual differences in root angles displayed by the genotypes.

CML530 had the steepest root angle, while B73 appears to have more narrow root angles.

\ /
Figure 4 — Genotypes NC358 (a) CML530 (b) and B73 (c) root systems observed 45 days of growth with
nutrient solution in a greenhouse

Total root length and area found using Winrhizo analysis were significantly different by
treatment, with values increasing from B73, NC358, and CML530 (Table 3). The greater total
root length observed in CML530 were driven by differences in small and fine roots, where no
differences among treatments were observed in medium or coarse roots. In total root area, a
similar pattern was observed where CML530 had the greatest fine and small roots, however B73
had greater coarse roots than NC358. The distribution of the different root class diameter sizes
can be visualized by root length (figure 5a-b), and root area (figure 5c-d). These results indicate

that most of the increased P uptake discussed later in this paper, may be attributed to the fine root
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length and area, and not necessarily to increased or more effective transporters. While uptake and

tissue concentration results show that CML530 has promised in increased acquisition and use of

P, root morphology data show that the acquisition benefits this genotype provides is likely due to

a larger root system (Hammond et al., 2004).

Table 3 — Length and surface area of roots by class of diameter in plants of genotypes B73, CML530, and
NC358 after 45 days of growth with nutrient solution in a greenhouse

Genotype Root diameter
Fine Small Medium Coarse Total
(<0.5 mm) (0.5 -1.0mm) (>1.0-2.0mm) (>2.0mm)
root length (cm plant™) —
NC358 188.7 ¢ 104.0b 24.8 a 4.8 a 3224 ¢
CML530 636.1 a 1503 a 342 a 49 a 8254 a
B73 376.4 b* 131.3 ab 304 a 64a 544.7b
root area (cm” plant™!) -
NC358 139c¢ 2450 94 a 6.1b 539¢
CML530 42.6 a 35.6a 13.5a 6.3 ab 98.0 a
B73 28.0b 29.1 ab 11.9a 8.1a 77.0b

* Levels not connected by same letter are significantly different by Tukey HSD test (P<0.05).
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Figure 5 — Distribution of root length (a), relative root length (b), root area (c), and relative root area (d) by
classes of root diameter observed in B73, CML530, and NC358 after 45 days of growth with nutrient solution
in a greenhouse

3.3 Genotypic Variation of Phosphorus Uptake Kinetics

CML530 displayed the highest cumulative P uptake over 24 hours (Figure 6),

significantly surpassing B73 which had the lowest uptake. All genotypes showed an early

maxima in P uptake, but CML530 sustained this high uptake through the first four hours

compared to B73 and NC358 whose rates dropped after two hours. Although CML530 reached

99% of its uptake plateau in just 22.75 hours (vs 66.44 hours for B73 and 45.37 hours for

NC358), normalizing uptake per unit of root and drymass (figure 7-8) revealed that CML530
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was the least efficient relative to its biomass. This pattern supports established links between P
influx and root type characteristics (Magalhaes et al, 2011). CML530 excels at rapid initial

uptake, but relies on a greater root mass of fine and small roots.
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Figure 6— Cumulative phosphorus uptake observed over a 24-hour sampling period in B73, CML530, and
NC358 genotypes after 45 days of growth with nutrient solution in a greenhouse

Because soil P is often present at micromolar concentrations, which are much lower than
the levels required within plant tissue, plants depend on tightly regulated phosphate transporters
to facilitate uptake against a steep concentration gradient (Nussaume et al., 2011). Figure 7
shows the rate at which genotypes remove P following the reintroduction of P after depletion.
There is an increase in the uptake seen in the first hour for all genotypes. All genotypes quickly
absorb available P in solution at hour one, followed by a sharp decline. By the end of the 24-hour

sampling period, total cumulative uptake was similar across genotypes. The key distinction is
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that CML530 acquires phosphate more quickly, indicating a more robust early response. High
absorption occurred early, as the plants were under P starvation, because they were maintained in
a nutrient solution without P for 24 hours. However, as shown in Figure 6, CML530 is more
efficient in the first hours, maintaining a higher uptake until the 4th hour. The other genotypes
are less efficient in the first hour, and the uptake rate drops quickly in the second hour. Looking
at the uptake rate from the 4" to the 24™ hour, while CML530 decreases the rate, B73 and
NC530 maintain the uptake rate.

The pronounced initial peaks likely reflect the activation of high-affinity phosphate PHT1
transporters, which are Pi symporters localized in the root epidermis, root hairs, and root cortex
(Nussaume et al., 2011). These transporters are transcriptionally induced under phosphate
starvation and are responsible for rapid P acquisition (Nussaume et al., 2011). They are induced
within 24 hours of starvation. In this experiment, the depletion procedure followed by re-
exposure to low P mimics conditions that trigger PHT1 induction, which is transcriptionally
activated under low Pi conditions and high demand. In this experiment, plants experienced both
effects as the depletion procedure removed P from the system and was followed by the
reintroduction of a low concentration of P. The immediate activation of PHT1 transporters upon
phosphate reintroduction may demonstrate that both induction and activation play a role in
phosphate uptake regulation in different corn genotypes. However, without data on the genes, we
cannot confirm the activation of these transporters, we can only infer that the early uptake peak
strongly suggests their involvement.

Our data reveal genotypic variation in both the magnitude and duration of uptake peaks
(Figure 7). This may suggest that there is differential regulation of PHT1 systems among lines.

This regulatory pattern is similar to the inducible, high-capacity uptake systems observed in
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nitrogen metabolism (Nussaume et al., 2011; Wang et al., 2021). The ability for CML530 to
rapidly acquire P in solution may reflect variation in one or more of these regulatory
components. Genotypic variation in both the magnitude and the duration of these uptake phases

indicates that there could be differential regulation of the P transporter systems among the lines.

14
12 -
o —e— B73
& 104 —m— CML530
a —A— NC358
=
O 8-
£
=
[0}
g 6
[0
©
5 4]
-]
o
2 -
O zl: T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time (h)

Figure 7-Hourly phosphorus uptake rate over a 24-hour sampling period in B73, CML530, and NC358
genotypes after 45 days of growth with nutrient solution in a greenhouse

However, when the uptake rate was normalized by root length or root area (Figures 8c
and 8d), NC358 displays a more reactive, high-capacity uptake strategy. NC358, having a higher
efficiency when scaled, reflects a more tightly regulated or efficient transporter system per unit
of root area than the CML530. B73 presented the highest uptake at 24 hours when normalized by

root or total biomass. Figure 8a and 8b show that more P is accumulated over time per unit of dry
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matter in B73 and NC358, indicating lower PUE in these two genotypes when compared with

CML530, which has the lowest P uptake. This shows that most of the increased P uptake by

CML530 seen in Figure 6 is attributed to the fine root length, and not necessarily to increased or

more effective transporters. When the P uptake is normalized by root length (Figure 8c) or root

surface area (Figure 8d), CML530 and B73 have high similarity. This indicates that the capacity

of P uptake per surface area is similar; however, CML530 outperforms B73 in PUE (Figure 3b)

due to its extensive root system (Figure 2b). These results further confirm that the driving trait

for PUE in this experiment is the extent of the root system, especially fine and small roots (Table
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Figure 8—Cumulative phosphorus uptake normalized per total dry matter (a) root dry matter (b), root length
(c), and root area (d) over a 24-hour sampling period in B73, CML530, and NC358 genotypes after 45 days of
growth with nutrient solution in a greenhouse
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Conclusion

This study demonstrates that the maize genotype CML530 exhibited the highest
cumulative P uptake following reintroduction to a P-containing solution, suggesting a strong
capacity for rapid P acquisition due to its large proportion of small and delicate roots.
Interestingly, despite its high uptake, CML530 had the lowest P concentration in the shoot tissue.
This pattern may reflect efficient internal utilization or redistribution of P, indicating a
potentially more efficient internal allocation and utilization of absorbed phosphorus. These
combinations of traits may reflect a strategy of prioritizing PUE at the whole plant level. The
highest P uptake demonstrated by CML530 is reflective of the greater total root length and
proportion of small and delicate roots, indicating the greatest PAE among the genotypes.

CML530 is an example of crop genetics that exhibits beneficial root morphological traits
and P utilization traits that could be utilized in maize breeding programs aimed at improving
nutrient use efficiency. As agriculture continues to face instability in global fertilizer supply and
growing pressure to manage and reduce input reliance, improving P acquisition through plant
genetics offers an opportunity. Agricultural scientists have the opportunity to continue to
improve crop nutrient efficiency, leading to reduced fertilizer waste. Continued improvements to

nutrient use may provide future generations with a more resilient future.
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Chapter 11
Genotypic Influence on Soil Phosphorus Dynamics Using Chemical Fractionation and

XANES-Based Assessment
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Abstract

Optimizing Phosphorus (P) use in agriculture requires expanding our understanding from
plant acquisition strategies to how plants influence soil P dynamics. While root traits that
enhance P uptake are well studied under nutrient stress, their impacts on soil P availability and
speciation remain less understood. This is especially true in the context of short timeframes
relevant to early crop growth. This study evaluated how three maize inbreds (B73, CML530, and
NC358) influenced plant and soil P responses when grown in greenhouse in two soils with
differing levels of legacy P. To evaluate changes in P availability and speciation, three methods
were employed: Mehlich 3 extraction, sequential chemical fractionation, and synchrotron-based
X-ray absorption near-edge structure (XANES) spectroscopy. Genotype strongly influenced total
biomass and P uptake with NC358 outperforming the others under the P levels (44.1 and 65.8 mg
P kg!). Differences in soil dynamics were more subtle. While Mehlich 3 captured overall
depletion, only chemical fractionation revealed moderate differences among genotypes, and
XANES showed limited speciation change over the short (65 day) duration of the study. These
results demonstrate that different methods capture different aspects of soil P behavior. They also
illustrate the importance of matching genotype to both nutrient conditions and soil characteristics
to improve P use efficiency. Genotypic advantages are not universally expressed but depends on
environmental context. Aligning nutrient acquisition traits with soil fertility will be critical for

optimizing P efficiency and guiding genotype selection.
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Introduction

Improving phosphorus (P) efficiency is a global challenge for agronomic, economic, and
environmental reasons. Modern agriculture depends heavily on P fertilizers derived from non-
renewable sources, yet much of the applied P becomes unavailable due to soil fixation processes.
Addressing this inefficiency requires focus on both understanding how plants acquire P from the
soil, and also understanding how their growth and uptake patterns might in turn influence soil P
speciation and availability over time. Genotypic traits that affect P uptake and root to soil
interaction could play a role in shaping soil P dynamics, especially in systems with accumulation
of legacy P and limited fertilizer inputs.

Plants typically acquire P through root soil interactions involving the processes of root
interception and diffusion (Griffiths & York, 2020). While greater root biomass can enhance P
acquisition, maintaining extensive root systems is metabolically costly and demands energy and
internal P investment (Nielson et al., 1994). This creates a physiological trade off: extensive root
systems may improve nutrient access but can reduce overall plant efficiency when nutrients are
less limited. In low-input agricultural systems, common in many underdeveloped regions, this
trade off becomes critical. Soils in these regions are often acidic, and fertilizer inputs are limited.
These edaphic factors, which reduce P availability, make genotypic traits that support P
acquisition especially valuable (Lynch, 2007). These traits have been well studied in simplified
growth systems, but less is known about their consequences for soil nutrient dynamics under real
world field conditions. Several root architectural and functional traits have been identified as
advantageous for P uptake and are genetically controlled. These traits are opportunities for

genetic improvement and thus merit further evaluation.
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Some of the genetically controlled traits related to root morphology include: lateral root
formation, enhanced adventitious rooting, and higher root hair density and length (Burridge et al,
2019; Lynch, 2007). These traits can manifest as differences in the distribution of root types, root
sizes, spatial distribution of roots, and root angles. All of these characteristics have implications
on nutrient acquisition, especially acquisition of immobile nutrients such as P (Hochholdinger,
2009). Among these, traits that enhance topsoil exploration are especially relevant, as topsoil
typically contains the highest concentrations of total and bioavailable P (Zhu et al, 2021). Lateral
roots, for example, promote horizontal growth that keeps roots concentrated in the topsoil. This
can reduce the need for deeper, more costly exploration (Lynch, 2007). Adventitious roots may
also support P acquisition due to the tendency in the formation of aerenchyma, which are air
filled spaces that reduce the metabolic costs of maintaining root mass (Lynch, 2007). Similarly,
root hairs that are longer and denser are more effective in acquiring P by increasing the contact
area of root and soil interface (Burridge et al, 2019; Lynch, 2007).

Genetic control of P acquisition extends beyond morphology to include rhizosphere
modification, such as proton efflux, secretion of organic acids and phosphatases, and promotion
of beneficial microbial symbiosis (Lynch, 2007). These root exudates can solubilize P bound to
mineral surfaces or organic matter, making it more available for plant uptake. Additionally,
plants influence the rhizosphere microbial communities through the release of sugars and
signaling molecules. In return, microbial symbionts, especially mycorrhizal fungi, can enhance P
acquisition by extending fungal hyphae beyond the root zone, to access an even greater surface
area of the soil.

Collectively, these traits form the foundation of genotypic strategies for P acquisition in low-

input agricultural systems. In economies with little access to fertilizers, lime, or routine soil
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testing, and employing crop varieties that efficiently acquire P with low metabolic cost may
improve productivity. However, such traits may have different implications in high-input
systems, where crops have historically been selected for responsiveness to fertilizer inputs, a
legacy of the Green Revolution (Lynch, 2007). Understanding how root traits and genotypic
differences function under varying soil fertility conditions, particularly in soils with existing
legacy P, is therefore essential for informing future breeding and nutrient management strategies.

While much of the literature on P efficiency focuses on how plants acquire P from the soil,
relatively less attention has been given to how plants, and their root and rhizosphere influencing
traits, can alter the soil P environment, especially over short time frames. Through differences in
uptake rate, root exudation, and rhizosphere interactions, plant genotypes may alter the chemical
composition or availability of soil P pools, even within a single growing period. Such plant
driven feedbacks could influence both nutrient cycling and subsequent crop productivity. In this
sense, genotypes are not only shaped by their soil environment, but they also shape it in return.

Understanding soil P dynamics requires both recognition of the chemical complexity of soil
P forms, and also the use of appropriate tools sensitive enough to detect meaningful changes.
Phosphorus exists in both inorganic and organic forms where organic includes compounds such
as phytate and phosphate diesters. However, much of this P is chemically protected or tightly
bound to mineral surfaces, rendering it unavailable to plants under typical conditions. Accurately
measuring shifts in plant available P particularly over single growing cycle presents a
methodological challenge. Capturing these subtle, short-term changes in soil P dynamics requires
tools capable of detecting more than total P alone. Standard agronomic soil tests such as Mehlich
3 provide a useful baseline, but may not be sensitive enough to detect effects on the genotypic

level. Complementary approaches like chemical fractionation and P speciation through X-ray
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absorption near-edge structure (XANES) spectroscopy offer greater insight into how genotypes
interact with soil P chemistry and legacy P pools.

To address this, this study involves three complementary approaches to evaluate changes in
soil P availability by using a Mehlich 3 extraction conducted by NCDA Agronomic Services, a
modified fractionation procedure based on Gatiboni and Condron (2021) — which separates
operationally defined P pools to give a more nuanced view of P accessibility — and XANES
spectroscopy, which enables direct evaluation of P speciation. Each method offers unique
advantages and limitations in resolving genotype effects on soil P behavior. But together, they
provide for a more comprehensive view of how short-term maize growth can alter soil P
chemistry in a measurable way.

Choosing complimentary methods may be necessary in detecting subtle shifts in soil P.
This study aims to evaluate how genetic differences among three maize inbreds, B73, CMLS530,
and NC358, influence soil P dynamics during early vegetative growth in two different soils with
varying initial P levels. The results of the previous, Chapter 1, study showed that under
hydroponic conditions, the tropical genotype CML530, which represents added genetic diversity,
demonstrated greater P uptake and biomass production following P starvation. This was largely
due to greater root investment. While these findings highlight the potential for genetic
improvement under low P conditions, they were derived from a simplified hydroponic growth
medium with low P. However, a hydroponic system cannot mimic the complex soil environment,
which has physical, chemical and biological factors affecting the root growth and P acquisition.
To understand how these genotypic differences translate to more realistic agricultural contexts,
this experiment evaluated plant and soil responses in soil. Unlike controlled media, soil is an

inherently complex and variable environment, where biological, chemical and physical factors
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interact in ways that can drastically influence the root growth and nutrient uptake outcomes.
Specifically, we investigated (1) how genotypes differ in biomass production, tissue P
concentrations, uptake, and PUE when grown in soils containing legacy P (2) whether genotype
driven plant uptake leads to measurable changes in soil P availability as detected by NCDA
Mehlich 3 extraction and a modified chemical fractionation (3) how P speciation shifts across
treatments using synchrotron XANES spectroscopy. These objectives aimed to explore whether
short-term plant growth can alter soil P chemistry, and whether standard and advanced analytical

methods are sensitive enough to capture such changes.

2 Materials and Methods
2.1 Treatments

Soils used in this study were collected from a long-term P fertility trial established in
1955 located in Washington County, North Carolina at the “Tidewater Research Station.” The
soils at this site are classified as Portsmouth series (fine-loamy over sandy or sandy-skeletal,
mixed, semiactive, thermic Typic Umbraquults) (Morales et al., 2023). Since the trial inception,
increasing rates of P have been applied annually at planting using triple superphosphate as the
source, as well as a no P control (Morales et al., 2023). Two treatments were selected from this
long-term trial: the no P control (0 kg P ha'') and a low P treatment (9.8 kg P ha™'). These soils
had been managed under these P application rates consistently for several decades. However, this
site is particularly high in legacy P, as historical applications of P prior to the establishment of
this study were practiced. Although recent decades of crop removal have induced some

drawdown of P, appreciable quantities still remain in the soil.
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The initial chemical properties of the two soils used in the greenhouse study are presented
in Table 4. The “Medium STP” soil corresponds to the long-term no P control treatment, while
the “High STP” corresponds to the low P application rate. The Critical Soil Test Value (CSTV),
which is the optimal P level for agronomic response, in North Carolina is 51 mg kg™ (Morales et
al., 2023). The P concentrations of the soils used in this study fall above and below the CSTV at
44.1 mg kg™ in the Medium (Soil Test Phosphorus) STP and 65.8 mg kg™ in the High STP soil as
determined by Mehlich 3 extraction (Table 1). In addition to P, other measured chemical
properties include water pH, cation exchange capacity, and base saturation. Both soils had
moderate initial potassium levels (140 and 127 mg kg'!) and similar weight-to-volume ratios,

allowing for consistent bulk density.

Table 1 — Average chemical characteristics of two soils with different levels of soil test phosphorus (Medium
and High) used to grow three genotypes of corn during 65 days in a greenhouse experiment

Parameter Soils
Medium STP High STP

Humic Matter, % 1.91 1.71
Weight/Volume ratio, g cm™ 1.10 1.10
CEC, cmol, kg 9.56 8.56
Base saturation, % 91.3 86.8
Exchangeable acidity, cmol. kg'! 0.83 1.12
Water pH 6.6 6.3
P, mg kg’! 44.1 65.8
K, mg kg'! 140 127
Ca, cmol. kg! 6.1 5.3
Mg, cmol. kg! 2.2 1.8
S, mg kg'! 16.3 12.6
Mn, mg kg! 9.0 10.3
Zn, mg kg! 3.4 2.7
Cu, mg kg! 1.1 1.5

Three genetically distinct maize (Zea mays L.) inbred lines (B73, CML530, and NC358)

were selected to investigate genotypic effects on soil P chemistry under contrasting P fertility
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conditions. These genotypes were chosen not only for their agronomic and genetic diversity, but
also for their relevance to global cropping systems with varying P inputs (low input vs high input
systems). Soils collected from the rhizosphere-like zones (see below) of each genotype were
analyzed for P fractionation and chemical speciation using sequential extraction and P K-edge X-
ray absorption near-edge structure (XANES) spectroscopy.

B73 is a widely used temperate inbred line originally developed in the U.S. Midwest and
represents modern elite germplasm. As the basis for the first publicly released maize genome, it
is genetically well-characterized and commonly used as a benchmark in physiological and
genomic studies. In this experiment, B73 serves as a temperate reference line for evaluating P
interaction in soils, and is more representative of the genotypes selected for production in high
input systems. On the other hand, CML530 is a tropical-adapted inbred line from the CIMMYT
Maize Line (CML) series, developed to enhance tolerance to abiotic stresses such as low soil
fertility. It was included in this study due to its relevance for low input systems, and its potential
for more efficient P acquisition and internal utilization in nutrient limited soils. NC358 is a
temperate line with partial tropical ancestry (distantly related to CML530). Its intermediate
genetic background relative to B73 and CML530 makes it a useful comparator for examining
genotype driven changes in soil P pools. Together, these three lines were evaluated for their
influence on soil P availability, distribution among chemical fractions, and speciation of P

compounds in soils with medium and high legacy P.
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Figure 1- Three genotype treatments B73, NC358, and CML530 were grown in soils with two different P
levels. NC358 is related to both B73 and CMLS530

2.2 Collection Procedure

Seeds were germinated in petri dishes, and transplanted to pots with soil on December 14,
2023, and grown for approximately 65 days post-germination. The experiment was arranged
according to a factorial, randomized complete block design with six replicates per maize
genotype X soil P treatment (medium-STP vs. High STP). Treatments were arranged vertically
along greenhouse benches to control for lighting gradients and edge effects. In total, 36 maize
plants were grown in 4 L sized pots, each filled with soil weighed to be 4kg of soil from either
medium or high STP soil treatments (Table 3). Ten pots with no plants (five per soil type) were
also arranged within the experimental design as control treatments and managed the same as the
other treatments. Plants were watered by a drip irrigation system timed to irrigate daily, and
plants were fertilized with uniform applications of N, K, Ca, and Mg.

After 65 days samples were collected for analysis. Entire plants were carefully extracted
over plastic sheets to capture displaced soil (Figure 2). Roots were placed in labeled paper bags

and gently shaken to release “rhizo-like” soil. This procedure was done for rhizo-like soil, which
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was meant to get as close to the rhizosphere as possible, yet acquire enough needed for analysis.
A portion of the soil was collected in 25 mL vials, and stored immediately in a cooler, then
transferred to a freezer for phosphatase activity assays. The remaining soil was air dried to

remove moisture, and then remaining soil was retained for analysis.

a) b)
COKEK)

" & \ /S X ~
Figure 2- Plants were removed from pots for soil collection (a) and bulk soil was removed from the plants
carefully, to preserve the root system (b)

The roots were carefully washed with water to remove all soil, then separated from the
shoots (Figure 3). Roots were stored in a 30% ethanol solution and refrigerated for subsequent
root hair imaging (Figure 4). Shoots were oven dried. The stored remaining soil was used for

fractionation and pH analysis.
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Figure 3- Maize root systems were carefully washed to remove all adhering soil prior to imaging. Labeled
paper bags were used to collect and oven dry shoot tissue for dry weight and tissue analysis
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Figure 4- Washed root systems were preserved in a 30% ethanol solution in refrigerated conditions, until root
hair imaging could be performed

The following day, dried soils were homogenized with a mortar and pestle. Subsamples
were taken where one aliquot was placed in centrifuge tubes for XANES analysis, and the
remainder stored in 125 mL tubes for pH measurement and sequential chemical extraction of P
pools. Shoot tissue were oven dried and weighed for biomass (Figure 3). The concentration of P,
and other nutrients in the tissue were determined by wet digestion followed by quantification in
inductively coupled plasma optical emission spectrometry (ICP-OES) by the North Carolina
Department of Agriculture and Consumer Services (NCDA&CS Agronomic Division, Raleigh,

NC) (United States Environmental Protection Agency, 2018).
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2.2 Chemical Fractionation Procedure

A sequential chemical fractionation procedure was applied to the collected soils. This
protocol was adapted from the Gatiboni and Condron (2021), with modifications to isolate only
selected defined P pools: readily soluble P (Pso1), Mehlich 3- extractible P (Pw3), and total P (Py).
For each sample, 2mm sieved and homogenized soil was weighed to 0.500 g and placed into a 15
ml centrifuge tube. A sequential extraction was performed to acquire Pso1 and Pms. Ten mL of ,01
CaCl, was added, and samples were shaken at 30 rpm for five minutes, then centrifuged at 3600g
for 15 minutes, then filtered. The solution was collected to be quantified as Psoi. The remaining
soil residue was collected and extracted using 10 mL of Mehlich 3 solution, and shaken for five
minutes at 30 rpm, centrifuged at 3600g for 15 minutes, and filtered (Mehlich, 1984). The
solution was collected for P to be quantified as M3. A separate 0.200 g soil subsample was
subjected to acid digestion. Samples were placed in 20 mL glass tubes (marked in advance at 10
mL), and 4 mL of concentrated HNO3 was added. Tubes were heated at 95-100 degrees Celsius
for four hours in aluminum digestion blocks. After cooling slightly, four drops of H,O2 were
slowly added in each sample to avoid effervescence. This H>O; addition was repeated twice
more, with samples reheated for an additional two hours after the final peroxide addition. After
cooling, samples were brought to 10 mL total volume with deionized water. Each sample was
carefully manually shaken. The remaining solution represented the Pt

All fractions were analyzed for P concentration by using spectrophotometry following the
Murphy and Riley protocol, which forms a blue-colored complex measurable by
spectrophotometry at 882 nm (Murphy & Riley, 1962). All P concentrations were calculated
using daily calibration curves, and dilutions were made when absorbance values exceeded the

standard range (0-2.5 mg P L'!).
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2.3 Spectroscopy Procedure

Phosphorus K-edge X-ray absorption near-edge structure (XANES) spectra were
collected at the Stanford Synchrotron Radiation Lightsource (SSRL) at Beamline 14-3 running in
normal operations mode. Incident photon energy was select for using a Si(111) double-crystal
monochromator and fluorescence signal was detected with 7-element Silicon solid state detector
(Hitachi Vortex). Sub-samples of dry ground soil were mounted onto phosphorus-free tape on
aluminum sample holders. Each soil sample was scanned three times to verify signal stability,
and the spectra were averaged to improve signal to noise ratio. Samples were calibrated,
averaged, normalized, and analyzed by linear combination fitting in Sixpack, with component
weights constrained to be non-negative (Webb, 2005). A set of eight P reference compounds
were used: Na-phytic acid, brushite, FePO4 2H>O, DNA, ATP, Po-Kaolinite, Po-Al hydroxide,
Pi-ferrihydrite, and Pi-Al hydroxide. Standards were finely ground and mounted identically to
the unknown samples. Reference standards were initially selected in Sixpack based on all
plausible P species relevant to the soil environment conditions. During linear combination fitting,
any standard contributing less than 5% to the total fit was considered non-contributory and
removed. In cases where multiple components fell below this threshold, the standard with the
smallest contribution was removed first, followed by a stepwise refitting process (Manceau et al.,
2015). Fits were also evaluated based on the chi-squared and R-factor values.

All statistical analysis, with the exception of XANES analysis, were performed using
JMP Pro version 18.2.1 (SAS Institute Inc., Cary, NC). A factorial randomized complete block
design was used with six replicates per genotype X soil P treatment combination. Analysis of
variance (ANOVA) was conducted to evaluate the effects of genotype, soil P level, and their

interaction on shoot and root dry matter, total biomass, root-to-shoot ratio, P concentration in
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shoots and roots, P uptake in shoots and roots, PUE, and soil P parameters which include soil test
P, soluble P, and labile P fractions. Where significant effects were detected (alpha = 0.05), mean
separation was conducted using Tukey’s honestly significant difference (HSD) test. JIMP was

also used to generate summary statistics and all associated figures.

3 Results

3.1 Response of Corn Genotypes to Soil Test Phosphorus Levels

An ANOVA revealed that genotype was the most influential factor affecting plant
biomass and P dynamics (Table 2). All measured parameters were significantly influenced by
genotype (P < 0.05), with the exception of soil soluble P. Initial soil test phosphorus (STP) also
had a significant effect on most variables, particularly root and total dry matter, tissue P
concentrations in shoots, P uptake in the roots, shoots, and total, PUE, and soil P fractions.
However, initial STP did not significantly influence shoot biomass, root to shoot ratio, P
concentrations in roots, or soil soluble P. A significant genotype x STP interaction was observed.
The initial soil test P was also significant for most parameters, except for shoot dry matter,
root/shoot ratio, P in the roots, and soil soluble P. The interaction between initial STP and
Genotype was observed only for P uptake in shoots and total P uptake. Genotype NC358
produced significantly greater shoot, root, and total biomass than B73 and CML530 across both
P fertilization treatments (Figure 5), while no differences were observed between B73 and
CML530. Shoot biomass was not significantly affected by initial soil test P level (Figure 6b),

suggesting that P availability was not limited during early growth.
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Table 2 — P values from the ANOVA for genotypic variation of plant characteristics observed in B73,
CML530, and NC358 after 65 days of growth in soils with different initial soil test phosphorus (STP) in a
greenhouse

Factor
Parameter Initial STP Genotype Initial STP x
Genotype
Shoot dry matter, g pot’! 0.0868 <0.0001 0.5379
Root dry matter, g pot™! 0.0077 <0.0001 0.2472
Total dry matter, g pot™! 0.0349 <0.0001 0.7666
Root/Shoot ratio 0.1320 0.0071 0.0826
P concentration in the shoots, mg kg™! <0.0001 <0.0001 0.2173
P concentration in the roots, mg kg*! 0.6984 0.0113 0.7832
P uptake by shoots, mg pot™! 0.0057 <0.0001 0.0126
P uptake by roots, mg pot’! 0.0050 0.0013 0.1635
P uptake total, mg pot’! <0.0001 0.0038 0.0192
P Use Efficiency, g mg™! 0.0088 <0.0001 0.1746
Soil Test P (Mehlich 3), mg kg'! <0.0001 0.0012 0.1909
Soluble P fraction, mg kg*! 0.2212 0.7306 0.8487
Labile P fraction, mg kg*! 0.0005 0.0004 0.2068

Figure 5- Genotype treatments B730, NC358, and CMLS530 after 65-day experiment in the greenhouse
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Figure 6 — Shoot biomass (a, b), root biomass (c,d) and total biomass (e,f) of corn genotypes B73, CML530,
and NC358 cultivated in two levels of initial soil test P. Levels not connected by same letter are significantly
different by Tukey HSD test.

Upon completion of the experiment, NC358 had the lowest P concentration in both shoot and
root tissues compared to B73 and CML530 (figure 7a,c), despite producing the highest total
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biomass (figure 6¢). Phosphorus concentrations in shoots increased with higher initial soil test P

(figure 7b), while root P concentration remained unaffected by soil P level. Across all genotypes,

the measured shoot P concentrations were within or slightly above sufficiency range for early

stage corn growth in North Carolina (2,500—4,000 mg kg!; Campbell, 2000).
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Figure 7 — Phosphorus concentration in shoots (a, b) and in roots (c,d) of corn genotypes B73, CML530, and
NC358 cultivated in two levels of initial soil test P. Levels not connected by same letter are significantly

different by Tukey HSD test

significant interaction between genotype and initial soil test P. The highest shoot and total P

uptake occurred in CML530 and NC358 under high STP conditions. This indicates that these

Phosphorus uptake in shoots (Figure 8a) and total P uptake (Figure 8d) showed a
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genotypes responded more strongly to increased P availability. In contrast, P uptake in roots
(Figure 8b, c¢) was influenced independently by genotype and STP level, with no significant
interaction. NC358 consistently accumulated more P in roots than B73 and CML530, and root P
uptake was significantly higher under high STP compared to medium STP, regardless of

genotype.
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The root/shoot ratio varied significantly by genotype but not by STP (Figure 9a, b).
CML530 exhibited the highest root/shoot ratio, while NC358 had the lowest, suggesting
genotypic differences in biomass allocation. The PUE, expressed as dry matter produced per unit
of P uptake, also varied significantly by genotype and initial STP (figure 9c, d). NC358 had a
noticeably higher PUE than both B73 and CML530, and plants grown in medium STP soil had
slightly higher PUE than those in high STP soil.

Although root hair length and density were not quantitatively measured in this study,
qualitative visual differences were observed across genotypes. B73 roots (Figure 10e-f) exhibited
noticeably shorter and sparser root hairs compared to NC358 and CML530 (Figure 10a-d), which
both showed more abundant and elongated root hairs. Elongated root hairs are known to be more
effective in P acquisition. The visual differences than can be seen in Figure 10 align with the

overall lower P uptake observed in B73.
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Figure 10- microscopic images of root hairs from each treatment a) NC358 Low b) NC358 High ¢) CML530
low d) CML530 high e¢) B73 low f) B73 high

3.2 Effect of Corn Genotypes Growth on Soil Phosphorus
The STP measured by Mehlich 3 extraction was significantly affected by corn genotype,

and initial soil P level (figure 11a, b). Following 65 days of growth, STP decreased in the
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treatments containing NC358 and CML530, whereas STP remained largely unchanged in soils
planted with B73. In general, STP values were higher in the high-P treatment compared to the

medium P treatment, consistent with the initial fertility classifications (Table 1).
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Figure 11 — Effect of plant growth on Soil Test Phosphorus by Mehlich 3 extractant by corn genotypes B73,
CMLS530, and NC358 (a) and initial soil test P (b). Levels not connected by same letter are significantly
different by Tukey HSD test.

The STP measured in Mehlich 3 extraction was significantly reduced following plant growth for
NC358 and CML530, while B73 showed minimal change (figure 11a). This pattern
corresponded with the greater biomass and P uptake previously observed in these genotypes.
Soils from the high STP treatment maintained higher STP levels than medium STP, as expected
(figure 11b). Among the soil P fractions, soluble P and occluded P were not significantly
affected by genotype or initial STP (figure 12a, b, e, f). In contrast, the labile P fraction was
significantly reduced following maize growth, particularly for NC358 and CML530 (figure 12c).
High STP treatments retained greater labile P concentrations than medium STP soils (figure

12d), but soluble P was present only in trace amounts (Table 6).
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Table 3 — Percentual distribution of soil phosphorus in different fractions after the cultivation with three corn
genotypes for 65 days in greenhouse

P fraction Medium initial P High initial STP
Soluble P 0.1% 0.3%
Labile P 11.0% 14.3%
Occluded P 88.9% 85.4%

3.3 Effect of Corn Genotypes Growth on Soil Phosphorus Forms evaluated by XANES

Linear combination fitting of XANES spectra was conducted using a suite of reference
standards (Figure 13). Component contributions varied by genotype and soil P level, and are
summarized in Table 7. In high P soils, Pi orthophosphate (NaH2PO4) and phytic acid were
consistently among the dominant species. In low P soils, greater variability in filtered
components was observed, with some replicates exhibiting notable contributions from brushite,
phytic acid and Pi-Kaolinite. While these patterns suggest differential transformation of soil P
pools, interpretation at the individual component level is limited due to overlap among species
and constraints of the fitting process. Therefore, Principal Component Analysis (PCA) was used
to visualize broader patterns in P speciation across treatments.

The PCA, shown in Figure 14, revealed that the first two components explained 67.5% of
the total variation in soil P speciation following 65 days of maize growth (Figure 14). In high P
treatments, the uncropped control soil (Control H) was associated with brushite, AIPO4, and Po-
Al hydroxide, indicating the presence of calcium and aluminum bound inorganic and organic P
species. After plant growth, samples from NC358H, CML530H, and B73H shifted away from
these species, suggesting their depletion due to plant uptake. Among the cropped treatments,
B73H shifted toward phytic acid indicating a relative enrichment of Po-phytate. In medium P (L)

treatments, the uncropped control (Control L) was closely associated with Pi-kaolinite, Pi-MnO,
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Po-phytate, and orthophosphate. Cropped treatments (NC358L, CML530L, and B73L) moved

away from these species, suggesting that these forms contributed to plant available P under lower

fertility conditions.
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Table 4- Relative Phosphorus Species Composition in Soils Following Short-Term Maize Growth Determined

by XANES Linear Combination Fittin

Genotype Soil Brushite AlIPO4 PO al- Pi Phytic Pi Pi Chi-sq R-
Level hydroxide Kaolinite acid MnO, Ortho Factor
B73 High | 0% 0% 10% 5% 38% 0% 14% 0.0016 | 0.0011
B73 High | 0% 0% 0% 9% 34% 9% 38% 0.0032 | 0.0021
B73 Med | 0% 0% 0% 20% 32% 17% 26% 0.0096 | 0.0054
B73 Med | 0% 0% 0% 0% 13% 0% 42% 0.0059 | 0.0047
B73 Med | 24% 26% 0% 20% 23% 0% 0% 0.0086 | 0.0071
B73 Med | 0% 0% 0% 30% 37% 0% 30% 0.0111 | 0.0063
CML530 | High | 18% 14% 28% 0% 19% 0% 28% 0.0024 | 0.0018
CML530 | High | 0% 0% 9% 8% 35% 0% 38% 0.0026 | 0.0017
CML530 | High | 0% 0% 0% 8% 35% 15% 33% 0.0029 | 0.0018
CML530 | High | 6% 12% 15% 0% 34% 0% 17% 0.0044 | 0.0034
CML530 | Med | 21% 21% 5% 0% 25% 0% 27% 0.0017 | 0.0013
CML530 | Med | 0% 0% 0% 0% 39% 9% 41% 0.0027 | .
CML530 | Med | 0% 0% 0% 11% 40% 8% 32% 0.0057 | 0.0036
Control High | 21% 10% 11% 0% 21% 0% 29% 0.0019 | 0.001
Control High | 27% 14% 12% 0% 11% 0% 29% 0.0046 | 0.0036
Control Med | 0% 0% 0% 10% 31% 15% 38% 0.0077 | 0.0045
Control Med | 0% 0% 0% 18% 34% 16% 23% 0.0068 | 0.0040
NC358 High | 21% 15% 6% 0% 16% 0% 37% 0.0022 | 0.0016
NC358 High | 0% 0% 14% 7% 37% 0% 31% 0.0030 | 0.0020
NC358 Med | 19% 2% 0% 0% 26% 0% 48% 0.0063 | 0.0045
NC358 Med | 24% 11% 0% 0% 20% 0% 41% 0.0032 | 0.0024
NC358 Med | 0% 0% 0% 15% 38% 0% 41% 0.0047 | 0.0029
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3 Other P species

PoAl hydroxide (Al-Pa)

CML530 H

Phytic acid (Po)

AIPC4 [A-PD) NC338 H

Pi-MnO2 (Mn-Pi)
B Control L

P-Kaolinite (Clay-Pi)

Component 2 (22.9 %)
=

Brushite (Ca-Pi)

-2 Crthophosphate (Pi)

=3 -2 -1 0 1 2 3
Component 1 (43.6 %)

Figure 14 — Biplot of Principal Component analysis presenting the two most significant components. Black
symbols and arrows represent the spatial distribution of P species in multivariate plot. Blue symbols and
labels represent the distribution of treatments in the multivariate plot. H indicates treatments with initial
high phosphorus and L indicates treatments initial medium phosphorus

4. Discussion
4.1 Biomass Production and Soil Test Response as Indicators of Legacy Phosphorus
Availability

The larger biomass production seen in NC358 across both soil P levels suggests a genetic
advantage under non-limiting P conditions. Since shoot biomass did not respond to differences in
initial soil test P, it appears that both fertility levels provided adequate P to support early

vegetative growth. Plants may not been responsive to the initial STP because the initial STP were
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classified as medium (44.1 mg kg™!) or high (65.8 mg kg™!) (Table 2) by the North Carolina
standards (Hardy et al., 2014), which considers 51 mg kg™! (60 mg dm™) as the critical soil test
value of P. As the plants in greenhouse were grown only for 65 days, the available P was enough
to supply plants during the early vegetative stages. Interestingly, the medium STP soil had not
received significant P fertilizer inputs since 1955 (Filippi et al., 2025), meaning that the labile P
in that treatment is considered legacy P accumulated from historical applications or
replenishment from less-labile P forms. Despite this, the soil continued to supply enough plant
available P to support plant growth comparable to the high STP treatment during the early stages
of plant growth (up to 65 days after planting). Conversely, these soils have consistently shown
under field conditions that the amount of available P is not enough to obtain adequate yields, as it
is not high enough to sustain an adequate supply of P in late growth stages, reducing yields
(Morales et al., 2023; Filippi et al., 2025). This finding shows the existence of some plant-
accessibility of legacy P in these agricultural soils that would be useful during early growth
stages. Although most growers view this as an inaccessible pool, legacy P can contribute
significantly to plant nutrition, especially in early growth stages. Many farmers in North Carolina
apply P fertilizers as “starter P’ (Gatiboni et al., 2020), but this may not be necessary, as legacy
P may provide enough available P to support plant growth during low demand early growth

periods.
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4.2 Environmental Influence on Genotypic Variation in Phosphorus Use Efficiency and

Allocation

The lower tissue P concentrations coupled with the greater biomass observed in NC358,
indicate greater phosphorus use efficiency (producing more biomass per unit of P). This
efficiency is particularly interesting given that all genotypes were grown in soils near or above
recommend soil test P values. The observed increase in shoot P concentration under high soil P
(figure 10b) suggests that plants accumulate more P when it is readily available. However,
NC358 appears to use it more effectively rather than accumulating excess. In chapter 1, CML530
exhibited the highest PUE among these genotypes tested. This highlighted its potential under
low-input conditions. However, in the present experiment, NC358 outperformed CML530 in
both biomass production and PUE indicating this genotype would be more adapted to conditions
of medium and high P availability.

These discrepancies may be attributed to differences in environmental conditions between
the two studies. Although the current experiment was performed in a controlled greenhouse
environment, environmental effects could have impacted the results when comparing Chapter 1
and Chapter 2. In this experiment, the genotypes were grown during the winter season, when
natural day lengths were shorter and outdoor temperatures were lower. In contrast, the
experiment described in Chapter 1 was conducted under longer photoperiods and warmer
average temperatures, which more closely reflect the tropical conditions to which CML530 is
adapted. Seasonal cues, even in partially controlled environments, can influence growth
dynamics and nutrient use efficiency, and likely contributed to the reduced performance of

CML530 in this winter grown trial. (14.5 vs 9.5 hours of daylight).
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The lower root/shoot ratio (Figure 9) indicates a shift in biomass allocation toward shoot
growth, which appears advantageous under sufficient P conditions. In contrast, CML530
maintained the highest root/shoot ratio, suggesting a strategy geared toward greater root
investment. However, under the higher available P in this experiment, this investment did not
translate to improved growth or efficiency. These results differ from those in Chapter 1, where
all genotypes had similar root/shoot ratios following P starvation. But CML530 developed a
substantially greater amount of fine roots. This finer root architecture may be more beneficial in
low P environments, where surface area for nutrient acquisition is limiting, but less so when P is
abundant. In Figure 10, NC358 demonstrated that it had similar root length and density of root
hairs as CML530, and both of which were greater than NC358. It is possible that NC358
maintained some of the key genetic factors from the included CML lines that were bred into this
genotype. Shoot P and total P concentrations responded differently to genotype and soil P
availability, while root P uptake remained more consistent (Figure 12). This pattern is typical for
maize, where shoot P accumulation tends to be more sensitive to changes in soil P. The lack of
interaction for root P uptake likely reflects its more stable demand during early growth,
compared to the greater plasticity of the shoot. These patterns are consistent with known nutrient

allocation patterns in maize as shoots are more likely to be sinks than the roots.

4.3 Genotypic Effects on Soil Phosphorus Pools and Detection Sensitivity of P Fractions

The observed reduction in STP in treatments NC358 and CML530 suggests these
genotypes removed more plant available P from the soil. This aligns with the results seen in
Figure 8, where greater biomass and P uptake were observed. In contrast, B73 had a minimal

impact on STP, consistent with its lower P uptake. These results indicate that plant derived P
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removal can be detected using Mehlich 3 soil test, supporting its validity as a tool to monitor
short term P dynamics in cropping systems. The ability of Mehlich 3 to capture genotype driven
changes in STP highlights its utility not only for fertility recommendations but also for
evaluating soil-crop nutrient interactions over a reduced growing period.

The sequential chemical fractionation offered additional insight into the P dynamics. The
labile P fraction, represented by the Mehlich 3 extract in the sequential fractionation, exhibited
trends similar to the agronomic STP Mehlich 3 test. In contrast, soluble P did not show any
treatment effects. This fraction, which represents P present in the soil solution, can be rapidly
replenished by the labile pool (Guo &Yost, 1998). This is possibly why it is less responsive,
especially in this short term study. It also represents an extremely small fraction of the P, and is a
very low concentration, even at the higher P soil, making this fraction prone to analytical
variability (Gatiboni & Condron, 2021). The occluded P fraction dominated the total soil P, and
did not respond to treatments. This is not surprising as it is stable in the soil and has limited
accessibility over short timescales. This pool of P is often associated with mineral surfaces,
precipitates, and is chemically stabilized, making it unlikely to respond to biological activity or
nutrient uptake during early crop growth. This finding reinforces an important point that
although occluded P constitutes a large portion of total soil P, its size and stability prevent it
from detecting treatment effects in early growth experiments. In contrast, dynamic pools like
labile or moderately labile P, the occluded fraction acts more as a long-term reservoir, slowly
releasing P across a concentration gradient (Guo & Yost 1998).

XANES spectroscopy further supported these trends Although PCA (Figure 14) did not
reveal strong shifts in P speciation, principal component analysis of the spectra indicated

movement away from certain species and toward others in genotype vs control soils.
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Collectively, these findings demonstrate that while fractionation and XANES each have
limitations in resolving short-term, genotype-driven soil P change, they contribute
complementary information to understand soil P. The use of multiple methods was useful in

capturing distinct facets of soil P behavior, particularly when changes were subtle.

4.4 Broader Implications for Adoption of P-Efficient Varieties

The current state of agriculture in the developed world is a high expectation for yields. There
would likely be very little adoption of a P efficient crop by grower in developed economies. This
is largely because the marginal cost for P fertilizers is much lower than the marginal cost for
increased yields. When fertilizers are inexpensive and readily available, growers are incentivized
to select varieties based on yield potential and disease resistance, not nutrient efficiency. This
prioritization may not necessarily be a bad thing, as growers should select varieties that benefit
them the most. However, much of the world has still not seen yield improvements from a “Green
Revolution” (Lynch, 2007). In many low-income countries, with little access to fertilizers, or
little money for fertilizers, have an immense potential for improving agricultural production with
the use of varieties that have the ability to efficiently acquire and use nutrients. Yet adoption of
these varieties in such contexts face challenges beyond just biological performance.

Diffusion of technology to rural economies is often hindered by social and cultural
dynamics. Adoption of new crop varieties is especially limited when the technology originates
outside the local community and is not introduced through familiar grassroot channels. For
example, Smith & Findeis (2013) found that in rural Mozambique, many farmers will not grow a
crop variety given to them from an outside source. This is despite the fact that the variety is

effective in nutrient acquisition with potential to greatly benefit the growers. However, if other
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members in the community, known as “innovators,” are also growing the same variety, then
many others will follow (Smith & Findeis, 2013). These authors argue that it is essential to
encourage peer networks, focusing on finding the innovators or influencers of the community,
publishing posters, pamphlets, radio, and word of mouth when introducing technological
advancement to a new community.

Introducing new varieties low input systems requires more than good genetic material.
Introducing even the best genetic material would require a thoughtful and localized strategy.
Identifying and supporting community innovators, providing outreach through accessible media,
word of mouth, and ensuring consistent follow-up are critical that could aid in a more effective
outcome. This approach reinforces the importance of a connected, trusted extension service that
understands the community's needs and values. In the final chapter of this dissertation, we will
see firsthand how well-supported and locally embedded extension systems are foundational for
sustainable improvements in nutrient management for fostering long-term change in agricultural

systems.

5 Conclusion

Understanding soil P dynamics requires more than a single analytical method, because P
is dynamic and complex, and each method has its own limitations to quantify P forms and pools.
Phosphorus exists in various chemical forms, spans a wide range of stabilities and availabilities,
and interacts with plant roots, microbes, and minerals in dynamic ways. This study demonstrates
that no single analytical approach fully captures those interactions, especially during early plant
growth when changes may be subtle. While Mehlich 3 provided a useful snapshot of available P,

it failed to detect genotypic differences that were apparent in the fractionation data. Chemical
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fractionation revealed shifts in specific P pools, particularly in the low P soil where genotype
CML530 appeared to draw more heavily from moderately labile fractions. In contrast, XANES
spectroscopy showed little change in overall P speciation, suggesting that while plant uptake can
shift availability, the underlying chemical forms of P remain relatively stable over short
timeframes. These findings point to both the value and limitations of even our most currently
advanced tools. A multifaceted approach is essential to detangle the complex yet changing nature
of soil P. Longer experimental durations, or more extreme treatments, may be necessary to fully
resolve genotypic effects on soil P chemistry. Still, this work sheds light on a very critical
insight, which is that early in the growing season, plants are not just passive recipients of their
soil environment, but they begin to shape it in return.

Another important conclusion from this study was the trade-off observed in the
performance of CML530. This genotype had the best PUE and PAE in Chapter 1, under P
starvation, driven by greater fine root investment. However, these advantages were diminished
under high P conditions, where less NC358 outperformed it. This suggests that genotypes
adapted to nutrient-limited environments may incur hidden metabolic costs when grown under
nutrient-rich conditions. CML530, which was adapted to tropical, low nutrient conditions,
allowed for efficiency traits in those particular environments, but when placed in a different
environment, those efficiency traits were no longer particularly efficient. Precision agriculture
has allowed for more site-specific fertilizer applications, improved timing of applications, and
better spatial mapping of soil properties. These site-specific improvements have helped to
improve yields while preserving environmental resources. However, this level of specificity
should also extend to varietal selection. No single genotype will ever be universally optimal.

While it is widely accepted that no single genotype offers universal protection against pest or
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diseases, the same principle applies to nutrient management. The best performing variety will
depend on the specific soil conditions, resource availability, and the goals of the grower and
local consumers. Matching genotype to environment is a critical but often overlooked strategy
for improvement and resource use efficiency. Global agriculture is moving into a new era of
sustainable intensification. Consequently, genotype to environmental matching will become

increasingly critical.
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Abstract

To minimize environmental damage, conserve our diminishing fertilizer reserves, all the
while maximizing food production, it is essential that producers apply phosphate fertilizers at the
optimal rate that is based on research. The purpose of this study is to assess grower attitudes and
behavior with respect to proper application of phosphorus (P), and to investigate how certain
exogenous factors might influence such applications. Data were analyzed from a survey
conducted in North Carolina with 122 farmer respondents. Findings reveal that annual P
applications consistently exceed soil test results, which indicates over application leading to
economic inefficiency and environmental concerns. Over-application is not due to knowledge
gaps of nutrient concentrations in the soil or to lack of interest in soil sampling as 99 % of
farmers submit soil tests as frequently or more frequently than the North Carolina Department of
Agriculture recommends. Only 36% of growers indicated that they would not apply P if their soil
report indicated that levels were sufficient, and no P is required. Additionally, over-application is
not strongly influenced by price effects as only nine percent of growers abandoned applications
in 2021 following a dramatic spike doubling fertilizer prices. The adoption of reduced P
fertilization will depend on strong local trusted technical assistance, continued extension

education, and use of farmer-to farmer examples.
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Introduction

The need for exhaustible resources is only as great as the creative solution that mankind
constructed for that resource. As a result, the demand for such resources will come and go as
technology progresses and disappears. The changing demands for mined resources, due to
technological invention, has been occurring since the earliest documented history through the
present day. For example, in the Stone Age, obsidian was extremely valuable and was sought
after for tools and weaponry but was later replaced by bronze (Wellmer & Scholz, 2016). A
modern example can be seen in the case of mercury. Mercury was once very expensive because
it had a wide range of industrial uses, including in thermometers. Yet as a result of technological
innovation, mercury was replaced with other materials and is now half the price it once was.
(Mercury Price, 2022). However, in stark contrast to the many resources that may fluctuate
throughout time, P stands as one exhaustible resource that will almost certainly have a sustained
demand because the essential and irreplaceable role of P in living organisms cannot be replaced
by any human advancement or technological developments. The need for P fertilizers arises
because most soils cannot supply enough P naturally to sustain crop yields, and there is
increasing pressure on those yields as a growing population requires higher rates of food
production (Fukase & Martin, 2020). Permanent deviations from the long-term upward trend in P
consumption are historically rare and unlikely to ever occur if world populations continue to
grow (Mew, 2016). It is with regard to such a sustained demand that requires continual
exploration of efficient uses for this critical element.

The increased demands for food production, coupled with the complex dynamics of soil

P, necessitates that society prioritize efficient use of P. Phosphorus fertilization has low
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efficiency because it is easily “fixed”, meaning that it is strongly bound to the soil particles
becoming less available for plant use (Pierzynski et al., 2005). The P that accumulates in the soil
from these processes is known as “legacy P” (Shober et al., 2024), which is an inefficient use of
the nutrient because plants are not always able to access the stored P at the rates that are needed.
The typical response by farmers to this issue is persistent additional P applications year-after-
year in order to meet yearly plant needs of available P, resulting in accumulation of P in the soil.
Because of these chemistry dynamics resulting in low use efficiency, one avenue for
exploration into an efficient use of P revolves around fertilizer application practices (Mew,
2016). Due to the critical need for adequate levels of P for plant production, it may be common
for many growers and recommending bodies to err on the side of over-application. Bias toward
over-application will reduce any risks of yield losses due to nutrient needs. Many soil test labs
and/or agricultural consultants or businesses may inherently bias their soil test recommendations
toward over-application of fertilizer in order to avoid risking yield losses when exact nutrient
application needs are unknown (Gatiboni et al., 2021; Zhang et al., 2021). However, accurate P
needs for plants can be determined through extensive soil test correlation and calibration studies
that define the critical soil test value (CSTV), the P required for crop production without risking
any yield losses, and the fertilizer requirements for each beginning soil test level and target crop
(Culman et al., 2023; Hardy et al., 2012). Currently, different states around the United States
have different approaches to how fertilizer should be applied (Lyons et al., 2023). Nevertheless,
the reality is that many growers and recommending bodies may apply and advise over that
critical value as a safety procedure to avoid risk of lower crop yields despite the availability of

testing. These over-applications represent economic inefficiencies. The consequences of such
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economic inefficiencies are reduced profits for farmers, increased food costs for consumers,
waste of a limited, finite natural resource, and significant environmental issues.

Although the CSTVs of P have been established in North Carolina and are continuing to be
revised as agricultural technology progresses (Hardy et al., 2012; Gatiboni et al., 2021; Morales
et al., 2022), current agricultural practices may not coincide with the economically ideal level of
P application. This survey aims to quantify how close are the reality of management decisions to
the North Carolina CSTV. This study also seeks to understand reasons for overapplication of P
through a case study which includes survey data acquired from 122 North Carolina farmers. To
better understand the future of P usage, this survey also evaluates how the price of P fertilizer

affects P use.

Materials and Methods

We developed an online farmer survey to explore producer P fertilizer behavior in North
Carolina. The survey was submitted to and approved by the North Carolina State University
Institutional Review Board. This survey included questions about soil sampling, soil testing, and
decision making on fertilizer applications. The survey included nineteen total questions, which
included demographic information selections, quantitative measures, and two open ended
questions. Surveys were distributed through random and targeted recruitment of row-crop
producers. Specifically, the NC Soybean Association sent emails to their membership and
advertised the survey on their newsletter, the Corn Growers Association of NC provided their
listserv, 40 county-level cooperative extension agents were asked to send survey invitations to
their farmers, and farmers were invited to participate during county-level extension trainings.

Farmers were presented with the option to complete the survey via online link or QR code, and
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they had the option to opt out at any moment while responding to the survey. The responses were
anonymous. We used Excel to calculate descriptive statistics on the quantitative measures, which
are presented below.

In total, 122 farmers that reside in 45 of the 100 counties in North Carolina participated
in this study. The largest concentration of participants was in the Coastal Plain region (Figure 1).
Farms in the Coastal Plain counties predominantly grow row crops such as corn (Zea mays),
soybean (Glycine max), wheat (Triticum aestivum), and cotton (Gossypium hirsutum), as
compared to the Piedmont and Mountain regions that are predominately pasture and haylands
(U.S. Department of Agriculture, National Agriculture Statistics Service, 2022). Approximately
half of participants (51%) reside on farms larger than 1,000 acres despite the fact that the average
farm size in North Carolina is 190 acres and only 4.3% of farms in NC are larger than 1,000
acres (U.S. Department of Agriculture, National Agriculture Statistics Service, 2022). Among
respondents, 80% grow a corn-soybean rotation and 54% of all farmers also include wheat in this
rotation. Thus, this survey is representative of larger operations and high acreage farms in North
Carolina Coastal Plain. However, other Coastal Plain cropping systems include cotton and
peanut rotation (18%), or sweet potato-tobacco rotations (17%). Regardless of physiographic
location, less than 10% of the survey participants grow other crops such as hay, Irish potato,

Christmas trees, and vegetables.
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Piedmont Region Respondents

7

Mountain Region

Coastal Plain Region

Figure 1 - Map of survey participants in each county of North Carolina ranging from 0-7 participants in each
county

Results and Discussion
3.1 North Carolina Soil Phosphorus Problem

The agronomic consensus method to determine the right amount of P fertilizers is to
perform soil analysis, recommending the rate of fertilizer based on the current amount of P
already available in the soil and the reference amounts required for each crop (Lyons et al., 2020;
McGrath et al. 2014). This procedure results in null or small rates of fertilizer application
recommended for high-fertility soils, and higher rates of P fertilization recommended in soils
with low fertility. As the soil P varies with time and previous fertilization can result in buildup of
P in the soil, it is recommended to get the soil analyzed frequently (2-4 years) to promote
adjustments in the fertilization program. Technically, following the recommendations will avoid
accumulation of legacy P in the soil, as no fertilizer will be recommended when the soil P is
above the reference values (critical soil test value) for each crop.

&3



In North Carolina, the official recommendations for fertilizer applications are published
by the North Carolina Department of Agriculture and Consumer Services (NCDA&CS). Soil
testing is free to farmers most of the year (Hardy et al., 2014). The NCDA&CS recommends that
farmers test their soils every other year for sandy soils and once every three years for clay soils
(Hardy et al., 2014). This frequency ensures that the fertilization program will be revised to
avoid under- or over-fertilization. Our survey revealed that 99% of participants in this study
follow or exceed the recommendation for frequency of soil sampling (Figure 2), indicating that
the farmers’ sampling frequency provides adequate recommendations. These results indicate
more frequent sampling than another study (O’Connell and Osmond, 2022) that surveyed
farmers about their soil sampling practices; 98% of farmers in the states evaluated (North
Carolina, Missouri and Ohio) sampled within a five-year framework. Despite the sampling
frequency indicated in this survey, it is well documented that it is common to observe soils with
P levels much higher than the recommended amount for crops (Miller et al., 2024; Johnson et al.,
2005). Thirty-six percent of counties in North Carolina have soil P levels exceeding 100 mg/kg
Mehlich-3 extractable according to Miller et al. (2024), which is two times higher than the
CSTV; one county has a mean soil P concentration 188 mg P/kg which is over 3 times higher

than the CSTV.
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12%
M every year

overy other year
34% | Every 3-4 years

Less than every 4 years

Figure 2. Frequency of soil testing reported by NC farmers taken from a sample of 122 respondents.

The frequency of soil testing by North Carolina farmers indicates this is a standard
procedure in the state and there are plenty of options for this service. The NCDA&CS offers this
service at a low cost or free-of-charge for NC citizens, and there are at least four private
laboratories offering soil analysis services. In our survey, 48% of respondents indicated they use
NCDA&CS laboratory, while 52% of respondents indicated they use “other laboratories” for soil
analysis. We do not have access to information about the number of soil samples analyzed by the
private labs, but the NCDA&CS analyzes about 350,000 soil samples per year (Hardy, 2024,
personal communication), indicating high adoption of this procedure by farmers. Most soil
testing services, including NCDA&CS, will provide fertilizer recommendations based on the soil
test results and the accompanying crop information.

Although farmers in this survey are well informed on the status of P in their soils by
frequent soil test reports, as seen by the frequent soil testing, these farmers are still reporting soil
test P levels above what is required to support crop growth (CSTV). The CSTV of P for row
crops is 50 mg/kg, and no P fertilizer application is recommended for these crops in soils with P

contents greater than this value (Gatiboni et al., 2021). In the present survey, when farmers were
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asked about the range of P level in their soils, the mean soil test P level reported by participants
was 80 mg/kg, with 40% of participants farming soil with a range of P level 51-75/kg (Figure 3).
Miller et al. (2024) found that the average soil P concentration for corn growers was 103 mg/kg
for soil analyzed by the NCDA in years 2017-2019. The Miller et al. (2024) analysis suggests

that P concentrations in our survey may be underreported.
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Figure 3- Range of soil phosphorus in mg /kg reported by all survey participants

3.2 Why is Overapplication of Phosphate Fertilizers Occurring?

When growers submit soil samples for testing, NCDA&CS reports fertilizer
recommendations based on the CSTV. However, this study found that only 42% of farmers
reported that they apply P based on the soil test report recommendations, while 58% of farmers
apply at a rate that is different than what is recommended by the soil test report (Fig 4). Of the

58% of farmers who adjust the rate, 26% of them base their rates on information from fertilizer
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dealers or crop consultants and 74% of the respondents choose to do so based on their own
experience (Fig 4). These results are consistent with the findings of O'Connell & Osmond
(2022), who reported that when North Carolina farmers were asked “who makes your nutrient
management decisions”, 45% indicated “informal consultants.” This category of “informal
consultants” is comprised of self, friends, and family, with self being the largest contributor. In
the present survey, 15% of farmers reported that they apply P based on advice from crop
consultants or fertilizer dealers, which is consistent with O’Connel and Osmond (2022), who
determined that 20% of farmers in North Carolina use paid consultants. It is worth noting that the
use of crop consultants varies greatly by state. For example, in the O’Connel and Osmond (2022)
study, 64% of farmers in Ohio used paid consultants to help make fertilizer decisions. On the
other hand, only 3% of farmers use paid consultants in Missouri. A regional study in Michigan
conducted by Stuart et al. (2014) found that 70% of farmers use their fertilizer dealers as a source

of information while only 30% of farmers use their university resources.

B | adjust the recommendations
based on my experience

42% |

| adjust the recommendations

based on advice from my crop

consultant or fertilizer dealer
| typically apply a P rate exactly or

very similar to the recommended
by the soil test report

Figure 4- Participants’ response to the question “Do you strictly follow the recommendations of phosphorus
indicated in the soil test report or do you adjust the rates based on your own experience?”
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Nearly 2/3 of the respondents (64%) will apply at least some P fertilizer when the soil test
report recommends no additional P application (Figure 5). This result contrasts with the
information presented in Figure 4, where 42% of farmers indicate that they follow the
recommended rate of P on their soil test report. A possible explanation to overfertilization was
posited by Sheriff (2005); they mention that that it may be in the best interest of farmers to apply
more P than was recommended due to the potential for better yields than expected. Currently,
NCDA&CS and NC State University recommendations do not incorporate variation in weather
or growing conditions. Because recommendations are based on averages and assume average
growing conditions, in seasons with above average growing conditions optimal P for plant
uptake of P may be greater, and farmers may account for this when adjusting the
recommendations based on their own experience. However, Gatiboni et al. (2021) demonstrated
that all these factors are already considered in the P recommendations for North Carolina. These
authors indicated the historical critical values for row crops in NC vary between 11 and 35
mg/kg in the Coastal Plain, but the recommendations were set at 50 mg/kg to avoid under-
fertilization that could limit the crop yields. However, a recent study conducted by Morales et al.
(2022) found 48 mg/kg as the average adequate value for corn and soybeans in the Coastal Plain
region of NC, which is close to the recommended value but reinforces the appropriateness of
current P cut-off value. When compared to other Southeastern states in the US, North Carolina
had the highest recommendations and ranges for P in for corn and warm season grass (Zhang et
al., 2021), but this was lowered in 2021 to reflect state-level science-based information (Gatiboni

et al., 2021).

88



3%
= Not apply phosphorous

17%

Apply at least a small rate of P20s (0-34 kg/ha) to
protect the yields

Apply an average rate of P05 (34-67 kg/ha)

00 0O ®

Apply a fair amount of 20s (67 kg/ha)

Figure 5- P application rate chosen by all survey participants if soil test indicates no additional P is needed

The average soil test P level was determined for each of the four groups of participants
who responded to the question highlighted in Fig 4 about the source of information for
management decisions. There is no relationship between soil test P and fertilizer decision-
making, nor was there a difference in those who applied based on their experience, dealer
recommendations, or official recommendations. This implies that sources of information for
management decisions are not directly responsible for the rate of P fertilizer applied by farmers.
There was also no relationship found between the size of farm and the soil test P level. There
was also no correlation found between the type of lab that the soil samples are sent to and the P
reported. One explanation for the propensity to overapply P is the perception by one-half of the
growers that previous year’s omissions of P applications led to various deficiency symptoms. All
of these findings are consistent with Osmond et al. (2015) who showed that there is no
relationship between P application decisions and soil test P in a study conducted on two river

basins in North Carolina. The results of this study, combined with the previous work of Osmond
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et al., show that farmers are likely making decisions ignoring the soil test report and applying P
regardless of sufficiency.

Weather uncertainty and overestimation of yield requirements may play a critical role in
farmer decisions on P applications. If farmers are overestimating their yield potential for that
season, then the farmer may believe that more fertilizer would be required than the
recommended rate. If more farmers are overestimating their yields than farmers who
underestimate their yields, more P will be applied than what is optimal, thus contributing to
legacy P build up. While it may be in the best interest for recommending bodies to ensure no
yield losses are due to soil fertility, many growers may also believe that it is in their best interest
to over apply as well, resulting in “compounding conservatism”, an over application of an
already over estimated value. This is an economic inefficiency occurring because current
recommendations err on the side of over-application of P. The risk management implemented in
the recommendations to avoid yield losses are exacerbated by farmers behaving in a similar
manner.

Sheriff (2005) argued that there are scenarios where overapplication of nutrients is because:
1) a farmer does not believe the fertilizer recommendation will maximize yields; 2) the use of
other nutrients as substitutes; 3) failure to appreciate the true opportunity costs of farm inputs; 4)
and uncertainty about how weather and soil characteristics may affect the recommended rate of a
fertilizer. In the case of P, no other nutrients can be used as substitutions. Beyond weather
variation and the perceived potential for increased yields, there are other factors related to
downside risk that may lead to decisions to apply even when it is not recommended. Sheriff
(2005) argues that one reason farmers may be deviating from the recommended rate is because

of uncertainty that the recommendations are representative of their field and yields. Similarly,
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Houser (2022) describes how nitrogen is often overapplied in corn as a form of insurance N, or
in the case of P, “insurance P.” It was found in this study that despite a mean soil test P level of
96.1 mg dm™, many growers are likely to apply pre-plant P at means of 44.5 kg ha™! of P,Os for
soybean, 47.1 kg ha™! for wheat, 40.69 kg ha™! for cotton, and the highest for corn at 59.5 kg ha!
(Fig 6). Preplant P is still utilized by farmers as “insurance” to add a layer of safety (Gatiboni et
al., 2020). In addition to pre-plant P, the use of another extra P fertilization is a common practice
among NC corn farmers. Starter P is a small rate of P added close to seeds at planting aiming to
promote faster seedling growth, claim that is not backed up by local research results. In the
present survey, 52% of respondents who grow corn use starter P fertilizers at an average rate of
32.5 kg ha'! of P,Os). These results show a compounding conservatism where fertilizer
recommendations are higher than what the scientifically established CSTV is because
recommendations err on the side of caution not to risk yield losses and then is compounded by

farmers also applying more than the recommendation to once again not risk yield losses.

40.6
Cotton

47.1

Wheat
59.5

Corn

43.4
_

Soybean

0 10 20 30 40 50 60 70 80
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Figure 6. Kg of P>Os applied per ha as a pre-plant fertilizer for each crop, error bars indicate the
lower and upper confidence interval

91



Another explanation for soil test P recommendations and farmer application rates being
divergent is that most producers used the same amount of fertilizer for every field of a given crop
in order to streamline planting operations. Osmond et al. (2012) demonstrated that this was true
of farmers both in the Tar-Pamlico River Basin and the Jordan Lake watershed. In the Tar-
Pamlico river basin 87% of 173 farmers fertilized their same crops with the identical amount of
fertilizer regardless of the soil test P or the amount of N required. Likewise, 93% of 129
producers used the same fertilizer mixture on different fields of the same crop in the Jordan Lake
watershed (Osmond et al., 2012). Farmers have limited time to plant their crops and time
management is often an overlooked component of farmer decision making (Osmond et al.,
2012).

Thirty-eight percent of the farmers noted plant deficiency symptoms when P fertilizers
were not applied. This large number of participants who claim to have seen P deficiency issues
may be an indicator that many farmers fear that there will be harm to the plant yields when P
fertilizers are not applied. This could explain why many farmers apply some P even when soil
test levels show sufficiency (Figure 5). However, it was found that the mean soil test P level of
those who had noted visual symptoms was the same as those who had not. These results could
suggest inconsistency between the soil testing results and occurrence of P deficiency in plants;
however, the visual symptoms of P deficiency in plants can be confounded with symptoms
caused by cold temperatures or plant diseases. Cahill et al. (2008) working in North Carolina
found there to be no difference in visual plant deficiencies between soils receiving P versus those
that did not when soil test P was high. Thus farmers may be misidentifying P deficiency, which
contributes to their behavior of adding P fertilizers when the soil test report does not recommend

it. This may be an explanation for grower responses in this study. Those who identified
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symptoms of P deficiency with soils already high in P are likely mistaking it for another issue
unrelated to P fertility.

There are several reasons that the soil test phosphorus levels in North Carolina are so
high (Miller et al., 2024). The use of animal manures as fertilizers and production of tobacco and
vegetables have all been contributors to the state’s historically high soil test P levels (Zhang et
al., 2021; Miller et al., 2024). Animal manures are normally used at rates needed to provide the
nitrogen needed by crops, resulting in P application above the crop requirements. Fields used for
tobacco and vegetable production have been fertilized at high P levels. But when evaluating
manures and other organic fertilizer, they played a minor role in soil test P levels according to
the results of this survey. Half of survey participants do not apply any manure or other organic
fertilizers. The mean P level of those who apply ‘none’ was 77 mg/kg while the mean P level of
those who apply poultry litter was 90 mg/kg, with swine lagoon at 69 mg/kg, and other organic
fertilizer at 63 mg/kg. This suggests that organic fertilizer decisions may contribute to some
variation of P levels, but overall P test levels remain high across participants regardless of the
use of organic fertilizers or their organic fertilizer selection. This contrasts with the findings of
Miller et al. (2024) who showed a strong correlation between soil P and locations with intensive
livestock production. Regarding the effect of tobacco production on soil P levels, the mean P
level for participants who grew tobacco was 94 mg/kg, and 50% reported that they follow
recommendations. The NCDA&CS estimates that 85% of soils with tobacco production have
soil test P above 50 mg/kg (Hardy et al., 2019). As only about 16.8 kg ha™! of P are removed
when the leaves are harvested, even if the fertilization is halted, the high P levels are only slowly
able to decrease each season. This could be one explanation for why those who follow the

recommendations still maintain high P levels.
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3.3 Future Use and Price Sensitivity of Phosphorus Fertilizers

Some studies consider the P accumulated in the soil as an opportunity for growers to use
stored soil P in times of increased fertilizer price (Mew, 2016; Wellmer & Scholz, 2016;
Gatiboni et al., 2025). For example, when the price of fertilizer is low, a farmer could apply
higher rates of P than the expected crop removal for that year and rely on the excess P to remain
in the soil for future years when the price of P fertilizers may be higher. However, in reality, the
majority of North Carolina farmers are not adjusting their fertilizer rates at all despite the recent
price increases. In 2021, the price of P fertilizers rose sharply and sustained high costs through
the duration of 2022, almost quadrupling the costs of P fertilizers (Brownlie, 2024). When asked
if this price change influenced their decision to apply, only 9.1% of farmers chose not to apply P
due to the price increases (Figure 7). Over half (52%) of farmers maintained their full P rates
despite the spike in fertilizer price. This shows P fertilizer is a commodity insensitive to price
change, as also demonstrated by Denbaly and Vroomen (1993) and Al Rawashdeh (2023).
Farmers who reduced their rate of P were asked if they will compensate by applying more in
future fertilizations, and 69% indicated that they intend to apply more P when the prices of
fertilizer drop. The results of this survey indicate that some farmers do use the soil as a P bank
when the price of fertilizer is high as was also found by Wellmer & Scholz (2016), but the
majority of North Carolina farmers are not changing their fertilizer application habits based on

higher prices.
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I did not apply P in 2022 field season 9.1%

| reduced the rate (50-90%) 5.8%

| reduced the rate (25 - 50%) 14%

| reduced the rate a bit (1-25%) 19%

| did not reduce the rate 52.1%
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Figure 7. Percentage of Farmers who adjusted their P application rate in 2022 due to high fertilizer price

There are many variables in farming that can cause yield losses that are outside of grower
control, like the weather for example. Fertilizer applications are a known, controllable cost, and
P fertilizers represent less than 5% of the costs for farmers, making up only a small fraction. The
behavior of farmers shown in this study indicated that they are not willing to risk any yield losses
due to lack of fertility and prefer to incur the cost of applying excess fertilizer over risking losing
yields. Growers prefer to incur the known and manageable costs of purchasing excess fertilizer
as a safety procedure. Survey respondents were asked, “How do you perceive that future price
changes of fertilizer might influence your phosphorus applications?”” and were given an
opportunity to write out short answer responses as qualitative data. Here are examples of some of
the responses that indicated farmers are not willing to risk any yield losses due to lack of
fertility: “got to have the fertility to have a crop”, “will apply what is needed”, “will change it

very little”, “Probably not you have to keep the levels correct cutting out phosphorus cuts out

yield” “prices won’t affect my decision”. It is important to highlight that farmers do not want to
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take on the perceived risk of yield loss from decreasing fertilizer rates even when there is null

risk of lack of P compromising their yields (Osmond et al., 2015).

3.4 Ineffective and Effective Solutions

Finding a set of solutions to over-application is an ongoing challenge to balance both carrots
and sticks. The “sticks” might include government-imposed regulation or taxes designed to
compel farmers to use a prescribed application rate (Wardropper, et al. 2023). Yet this study
shows that taxation of P fertilizers as an incentive to reduce usage will be ineffective, as
marginal price increases do not affect fertilizer behavior. Thus, a Pigouvian tax, which is a tax
burdened by producers to incentivize less use (in this case fertilizer) to correct overuse, is
implemented as an attempt to correct this inefficiency. A Pigovian tax will not be effective in the
case of P fertilizers because P fertilizers are not price sensitive, meaning that a tax will not
correct the use. Further, this could also have implications on the price of food which would add
to the cost burden to all consumers, and specifically having the greatest impact on the
economically disadvantaged (Johansson et al., 2004). This can also be seen in an example in
Sweden where Soderholm and Christiernsson (2008) found that fertilizer taxes increased
production costs and created competitive disadvantages for domestic agriculture, ultimately
impacting consumers through higher food prices. Taxation of P fertilizer resources would be an
ineffective solution to reduction in fertilizer use and a burden to consumers. Moreover,
regulatory strategies requiring more extensive monitoring are more costly to farmers, more
difficult to implement and often pull farmers in competing directions that diminish the intended

impact of the regulation (Baur 2020).
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The preferred set of solutions is to find voluntary measures — the right set of “carrots” —
to encourage farmers to apply P at the recommended rates, and that may turn on supporting
technical assistance from those that farmers trust the most. While this study found that 64% of
North Carolina farmers deviate from the recommended rate of P fertilizers, North Carolina may
actually be an example of a state that is a better case scenario. O’Connell, C., & Osmond, D.
(2022) compared three states: Missouri, Ohio and North Carolina asking farmers the question
“Who would you trust to help you evaluate how well you farm operation is doing at keeping
nutrients out of waterways.” They found that only 5% of Ohio farmers selected extension
compared to North Carolina where 15% of farmers selected extension as a trusted source. In this
same study, North Carolina farmers indicated significantly more willingness and excitement to
reduce nutrient loss from their farms than Ohio farmers indicated. This shows maybe there is
benefit to extension services provided by the state that are often overlooked as it is often
mistaken to be a service without ties to profits. However, there may be major economic and
environmental benefits hidden that a state receives from investing in extension services. The
adoption of reduced P fertilization will depend on a strong local trusted technical assistance,

continued extension education, and use of farmer-to farmer examples (Osmond et al., 2012).

Conclusion

The results of this study show that farmers underestimate their soil test P levels, and
continue to apply P fertilizers when it is unnecessary, deviating from the official state
recommendations. The consequences of this are soil test P values that are too high potentially
causing environmental damage, depletion of our precious finite resources, and a reduction in

farmer profits. This is not due to lack of information about soil test P levels as 99% of all farmers
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indicated they are soil sampling as frequently or more frequently than the NCDA recommends.
However, many farmers report that they add additional P fertilizer on top of what the state
extension program recommends, leading to a P application beyond the critical soil test P level.
Compounding conservatism is occurring where a P buffer is added by the farmers to a rate that
already includes a buffer as set by NCDA&CS and NC State University. This case of
compounding conservatism is occurring because both growers and recommending bodies want to
avoid any possible risk of yield loss due to a known and controllable variable, in this case, lack
of fertility. Lastly, this study found that P fertilizer is price insensitive, with only a few farmers
intending to change their P application based on price increasing at almost 6X. Because of this
fertilizer price insensitivity, a Pigovian tax is not recommended as it will not adjust the current
market inefficiencies. Instead, the most beneficial outcome can occur through continued state
extension resources devoted to education and farmer relations. This opportunity can lead to an
“everyone wins” scenario where farmers will benefit from reduction in unneeded input costs. All
current and future world citizens will benefit from the protection of the environment and water
resources, and all will also benefit from the conservation of our limited fertilizer reserves needed

for global food security.
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Appendix A

Supplementary Figures for Chapter 111

The Survey that was Sent to Farmers

Start of Block: Purpose of survey

Q The rising costs of fertilizers are becoming a concern for many growers. Many of us have
faced challenges in recent times associated with the burden of these increased costs. Currently,
there is limited information on the extent of how these increased burdens might influence soil
fertility practices. The goal of this survey is to quantify the influence of these price increases on

phosphorus fertilization. This will allow us to tailor our research to better serve growers.

Q You are being asked to complete a survey for research purposes. The survey is about the

use of phosphorus in agriculture. Completing this survey is voluntary and you can stop at any
time by exiting out of the survey. You must be 18 years of age or older and reside in the United
States to participate in this study. There are minimal risks associated with your participation in
this survey. You will not receive any payment for completing this survey. If you have any
questions about the survey, how it is implemented, or the research study, please contact the
researcher, Luciano Gatiboni, at the email address luke gatiboni@ncsu.edu and the phone
number (919)-513-0968. Please reference study number &lt;em&gt; when contacting anyone
about this project. If you have questions about your rights as a participant or are concerned with
your treatment throughout the research process, please contact the NC State University IRB

Director at IRB-Director@ncsu.edu, 919-515-8754, or fill out a confidential form online at
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https://research.ncsu.edu/administration/compliance/research-compliance/irb/irb-forms-and-
templates/participant-concern-and-complaint-form/ If you consent to complete this survey,
please select the “yes I consent” bubble and select “next” to begin the survey.

Yes, I consent (1)

Page 2 of 7
Q1 What county is your farm operation located (if it is located in more than one county, please

choose the county where the biggest acreage is)

Q2 How many acres of row crops are you farming?
0-250 (1)

251-500 (2)

501 - 750 acres (3)

751 - 1000 acres (4)

&gt; 1000 acre (5)

Q3 What are the main row crops you grow on your farm (select all that apply)
Soybean (1)

Cotton (2)

Wheat (3)

Corn (4)

Other (5)
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Q4 How often do you soil test your fields?
Every Year (1)

Every other year (2)

Every 3-4 years (3)

Less than every 4 years (4)

Q5 What soil sampling approach do you usually use?
Traditional - A single soil sample per field (1)

Zone sampling (some soil samples per field, as needed) (2)
Precision agriculture approach (many soil samples per field) (3)

I do not soil sample my field (4)

Page 3 of 7

Q6 What percentage of your soil samples do you send to each of these service labs?
Percent (should add to 100)

0102030405060 70 80 90 100

NCDA Agronomic Services ()

Other Labs ()

Q7 If you grow corn, soybean, or wheat, which crops do you usually apply to P205 before

planting (select all that apply):
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Corn (1)
Wheat (2)
Soybean (3)
Cotton (4)

other (5)

Q8 What are the average soil P levels in your fields?
P-index 0 to 25 (0 - 55 Ib/ac) (1)

P-index 26 - 50 (56 - 110 Ib/ac) (2)

P-index 51 - 75 (111 - 166 Ib/ac) (3)

P-index 76 - 100 (167 - 222 1b/ac) (4)

P-index 101 - 200 (223 - 278 Ib/ac) (5)

P-index higher than 200 (&gt;279 1b/ac) (6)

Q9 How many units of phosphorus (P205 /ac) do you use to apply as a pre-plant fertilization in

the following crops:

0153045607590 105120135 150

Soybean ()
Corn ()
Wheat ()

Cotton ()

107



Peanut ()

Other ()

Page 4 of 7
Q10 If you do not grow corn or do not use starter fertilizer for your corn, skip this question.
Otherwise, if you grow corn and use starter fertilizer, what fertilizer source and rate (gal/ac) do

you usually use?

05101520253035404550

11-37-0 or 10-34-0 ()
24-S ()
Only UAN ()

Other starter ()

Q11 If you do not grow corn or do not use starter fertilizer for your corn, skip this question.
Otherwise, if you grow corn and use starter fertilizer, how do you apply your starter?
Broadcasted (1)

Banded (2)

Dribbled over the row (3)

2X2(4)

2X2X2(5)
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Q12 What organic fertilizer do you use
Poultry Litter (1)

Swine lagoon liquid (2)

Other organic fertilizer (3)

I do not use organic fertilizer (4)

Q13 Have you ever noticed any P deficiency symptoms when you do not apply P?
No (1)

Yes (2)

Page 5 of 7

Q14 Do you strictly follow the recommendations of phosphorus indicated in the soil test report
or

do you adjust the rates based on your own experience?

I typically apply a P rate exactly or very similar to the recommended by the soil test

report (1)

I adjust the recommendations based on my experience (2)

I adjust the recommendations based on advice from my crop consultant or fertilizer

dealer (3)

Q15 If the soil test report points out that it is not necessary to apply P, you will:
not apply phosphorus (1)

apply at least a small rate of P20O5 (0-30 Ib/ac) to protect the yields (2)
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apply an average rate of P205 (30 - 60 Ib/ac) (3)

Apply a fair amount of P205 (&gt; 60 Ib/ac) (4)

Q16 In 2022 the prices of fertilizers skyrocketed. Did you reduce the average rate of
phosphorus used in you fields due to the high prices?

I did not reduce the rate of P205 (1)

I reduced a bit the P205 rate (up to 25%) (2)

I reduced the P20S5 rate in 25 - 50% (3)

I reduced the rate 50-90% (4)

I did not apply P205 in 2022 field season (5)

Q17 If you reduced the rate of P205 in 2022 field season, are you thinking to compensate by
applying a bit more of P205 in the future fertilizations?

No, I did not reduce the rate of P20O5 due to fertilizer prices (1)

Yes, I reduced the rate and I will compensate it applying more P205 next season (2)

Yes, I reduced the rate, and I will compensate it by applying more P205 in future

seasons, when fertilizer prices drop (3)

Yes, I reduced the rate of P205 but I’m not willing to compensate it in the future (4)

Q18 How do you perceive that future price changes of fertilizer might influence your phosphorus

applications?
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Page 6 of 7
Q19 What are some of your additional thoughts on phosphorus that aren&#39;t covered in this

questionnaire?

® Mone = Precision Traditional Zone

1Farmers response to the question “If you grow corn, soybean, or wheat, which crops do you usually apply to

P20S before planting?”
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Swine

Poultry

Other organic fertilizer

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 50.00%

2 Percentage of survey participants who apply different organic fertilizers

100
80

80

70 %SOV 63.3%

60

%Cotton 54.5%

Percentage
(%]
(=]

40

30 %Wheat 63.6%

20

10 %Corn 95.9%

Soy Cotton Wheat Corn

3- Farmer responses to the question “If you grow corn, soybean, or wheat, which crops do you usually apply
phosphate to before planting?”

112



Plevel T
20 70 100 vl o

© G, fwv i

4 Phosphorus level by county based on self reported values from survey participants
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Broadcasted
B3

2K2H2
26% CDribbled ower the

row

13%

Banded
13%

Broadcasted 27%

&%

5 Farmer responses when asked “If you grow corn and use starter fertilizer, how do you apply your starter?”

Table 1- Farmer Responses to the question “How many units of Phosphate do you use to apply as a pre-plant
fertilization in the following crops?”

Crop Min Max Mean Standard Deviation Responses
Soy 0 120 39 28 82
Corn 0 150 53 34 91
Wheat 0 129 42 31 53
Cotton 0 119 36 37 20
Peanut 0 150 20 42 11
Other 0 150 50 42 35
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