ABSTRACT
FILIPPI, DIONATA. Correlation Between Soil Test Phosphorus and Potassium and Corn and
Soybean Yields in Londerm Trials in North Carolina(Under the directiorof Dr. Luke
Gatibon).

Soil test correlation determines the critical soil test value (CSTV) of phosphorus (P) or
potassium (K), defined as the soil test level below which a yield response to fertilizer is expected.
The CSTV varies with the crop species, yield level, soil typejrenmental factors, and the
mathematical model usddr its estimation This research, conducted in three kiagn trials
located inthe Piedmont, Coastal Plain, and Tidewater regions of North Carolina, addressed
important gaps in soil fertility managemt by evaluating (i) the effect of mathematical model
choice onCSTV estimation using historical data, (ii) the current P and K CSTVs and critical P and
K tissue concentration for cordéa mayd..) and soybeanGlycine maxL.) Merr.] and (iii) the
causes for the limited yield response to K fertilization in the Coastal Plain.

In the first study, P CSTVs for corn grown in 2010, 2012, and 2014 were determined using
four models:modified arcsindog calibration curve, linear plateau, quadratic plateau at 95% and
100% of maximum yield. The CSTVs did not differ among the tested madalshe quadratic
plateau at 95% of maximum vyield was selected as the preferred approach bepemsdes a
practical definition of the critical soil test range (CSTRe@sults suggestedl low yield response
when soil test P exceededi3d mg kg lat the Coastal Plain site andi4® mg kg lat the
Tidewater site.

The second study investigated the P and K C&af\¢orn and soybean grown in the same
locationsfrom 2022 to 2025. Phosphorus and K CSTVs varied by location but not by crop.
Average P CST¥were 50, 29, and 14 mg kéat the Tidewater, Coastal Plain, and Piedmont

sites, respectively. The Tidewater CSTV closely matched the current North Carolina



recommendation (54 mg kg, whereas the other sites were approximately- tavad fourfold
lower. For K,ayield response occurred only at the Piedmont site, where the CSTV for both crops
averaged 88 mg kd consistent with the current state recommendg88nmg kg ). Critical P
tissue concentrations at the R1 were 2.7 and 3.1gdwgcorn and soybean, respectively, within
published sufficiency ranges for the Souther8.Uvhile critical K tissue concentratior§$2.5 and
11.0 g kgY) werebelowthe current referenceange(15i 30 g kg?).
In the third studythe weak relationship between stéstK and crop yieldvas explored
by evaluatingsoil K forms (exchangeable, nonexchangeable, and-te¢tat) across depths up
90 cm at the Coastal Plasite Prolonged K removal by crop harvester 41 yearscombined
with low to moderate fertilizer inputs, progressively depleted subsadit Kontrast, excessive K
inputs led to K accumulation down to 90 drurthermore, structural K contained inf&ldspars
appeared to buffer crop demand, whicplains the lack of yield response to applied K over time.
Overall, these results emphasize the importancemtinuousand regiorspecificsoil test
correlation studieso define reliable CSTVs. Furthermore, considering subsoil K reserves when
designingfertilization programs would increase the efficiency and sustainability of agriculture in

North Carolina.
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CHAPTER 1: General Introduction

Soil test correlation is a crucial component for accurate fertilizer recommendations. It
establishes the relationship between the concentration of a nutrient extracted by a soil test and crop
yield (Corey, 1987; Dahnke & Olson, 1990). This approach previde important pieces of
information for nutrient management: (i) whether soil test values are correlated to yield response
to increasing soil nutrient concentrations, and (ii) the critical soil test value (CSTV), defined as the
soil test level below whita yield response to fertilizer is expected (Slaton et al., 2024). In contrast,
above the CSTV, no further yield benefit is expected from additional nutrient applications such as
phosphorus (P) or potassium (K) (Mallarino & Blackmer, 1992; Drescher, 20all; Culman et
al., 2023). Because CSTV serves as a reference for defining the soil test ranges at the deficiency
andsufficiency leves, any changes in its estimation directly affect fertilizer recommendations

Several mathematical models have been used to estimate the CSTV, including linear
plateau (LP), quadratic plateau (QP), Catelson, Mitscherlich, and modified arcsilog
calibration curve (ALCC). However, authors use different criteria to select theapysipriate
models to estimate CSTV, and a few studies have compared the results obtained by each model
(JordanMeille et al., 2024; Slaton et al., 2024; Filippi et al., 2025). Given the inherent variability
in CSTV estimation, adopting a critical rangstead of a single CSTV may improve the reliability
of fertilizer recommendations based on soil test correlation (Cox,) 1992

Beyond the models chosen to estimate the CSTV, crop response to fertilization may vary.
Soybean@lycine maxL.) Merr.] and cornZea mays..) are the largestcreageow crops grown
in North Carolina (USDANASS, 2024) and the current fertilizer recommendations in the state

apply the same P or K CSTVs to both crops: 54 mid foy P and 88 mg Kg for K at 020 cm



depth (Hardy et al., 2014). Furthermore, differes inclay mineralogy across regions may
influence crop response to P and K ferdtion (Gatiboni et al., 2021; Sparks et al., 1980). For
instance, in Coastal Plain soils, P CSTV is about 30 my wdile in Piedmont soils, it is 12 mg
kg'! (Gatiboni et al., 2021). The opposite has been observed for K CSTV, with lower valies (27
49 mg kg 3 or absence of crop response to K fertilization in some Coastal Plain soils and greater
values (98163 mg k¢ J in Piedmont soils (Cox and Barnes, 2002; Crozier et al., 2004; Morales
et al., 2023). Thus, setting a single statde high P or K CSTV may contribute to fertilization
above the researdiased CSTVs in some regions

The inconsistency in yield response to K fertilization in the Atlantic Lower Coastal Plain
region has been attributed to differences in mineralogy across soils and soil depth explored by crop
roots (Sparks, 1980; Woodruff & Parks, 1980); however, no studidate have evaluated these
mechanisms in North Carolina. In contrast, K application that exceeds crop demand could promote
K accumulation and redistribution to deeper soil layers due to the limited capacity of-coarse
texturedtopsoil to retain the nutrient (Parvej et al., 2018; Williams et al., 2018
Justification

In Chapter 2 of this dissertation, model choice on the calculation of @@ie explored
to advancing nutrient management research. Incorporating additional analysis, such as the
frequency or probability of crop response to fertilization, can help define the breadth of the CSTV
and improve the reliability of fertilizer interpretations. In Chaf@gesoil, plant tissue, and yield
data collected in the last four years will be used to explore how site and crop characteristics
influence P and K CSTVs acrobkrth Carolina. Complementary to the CSTV, the use of leaf
critical tissue concentration may provide an additional means to assess whether current CSTVs are

appropriate for the yield levels observed in the state. Finally, in Chapter 4 of this dissdttation,



importance of quantifying K distribution across soil layers for understanding thevegancrop
response to K fertilization and the effects of overfertilization in the Coastal Plainagibite
explored

In summary, this Ph.D. dissertation addresses important gaps in soil fertility management
in North Carolina by evaluating (i) the effect of mathematical model choice on CSTV estimation,
(i) the current P and K CSTVs and critical P and K tissue concanriratithe R1 growth stage
for corn and soybean, and (iii) the causes for the limited yield response to K fertilization in a

Coastal Plain sail
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Abstract

The soil test correlation determines the critical soil test value (CSTV) of phospho-
rus (P) required to achieve 95%—100% of the maximum crop yield. However, CSTV
predictions vary with the mathematical model used, which has implications for fer-
tilizer recommendations. This study compared the P CSTVs for corn (Zea mays)
estimated using four models, (1) modified arcsine-log calibration curve (ALCC), (2)
linear plateau (LP) at the join point (JP), (3) quadratic plateau (QP) at the JP (QP-JP),
and (4) QP at 95% of maximum yield (QP-95), and then calculated the frequency of
crop response at different Mehlich-3 soil test phosphorus (STP) concentrations. Corn
was grown in long-term trials in 2010, 2012, and 2014 in the Piedmont, Coastal Plain,
and Tidewater regions of North Carolina. The P CSTVs obtained with ALCC, LP-
JP, QP-JP, and QP-95 models were 42, 24, 31, and 26 mg kg™!, respectively, at the
Coastal Plain site and 55, 43, 55, and 49 mg kg~! at the Tidewater site, but these
models could not calculate CSTVs at the Piedmont site. Nevertheless, the 95% con-
fidence interval of CSTV did not differ for these models and sites analyzed. The
frequency of corn response to STP declined with increasing STP, reaching 10% at
37.0 and 44.9 mg kg~! at Coastal Plain and Tidewater sites, respectively, defining
critical soil test range (CSTR) of 26-37 and 45-49 mg ke~!. Additional approaches
combined with CSTV using broader datasets may help to refine the CSTR definition
and improve fertilizer recommendations.

Plain Language Summary

Phosphorus (P) is a nutrient that crops such as corn need to grow. The critical p-
value is the concentration of P in soil that determines whether P fertilizer needs to
be used to help crops reach their highest yields. In this study, we estimated critical
p-values for corn in three regions of North Carolina using four methods. We found
that as soil P concentrations increased, corn yields did not increase over the critical

Abbreviations: ALCC, arcsine-log calibration curve: CSTR, critical soil test range: CSTV, critical soil test value: JP, join point: LP, linear plateau: QP,

quadratic plateau: RY, relative yield: STP, soil test phosphorus.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
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p-value, indicating that there was no need to add P fertilizer to soils that were already

at the critical p-value. This will help farmers, as it indicates when P fertilization is

beneficial and when it is not necessary.

1 | INTRODUCTION

Correlation studies are the first step of the soil test correlation
and calibration process. Soil test correlation establishes the
relationship between the concentration of a nutrient extracted
by a soil test and a measure of plant growth, in general, crop
yield, which is sometimes expressed as relative yield (RY)
(Dahnke & Olson, 1990; Pearce et al., 2022). The usual goal
of soil test correlation is to predict a critical soil test value
(CSTV) or an ideal range of soil test values below which
response to fertilization occurs. The crop yield response to
increasing soil test phosphorus (STP) is initially high but
diminishes as STP approaches the CSTV (Black, 1993).
Beyond this point, no further increase in profitable yield is
expected with additional fertilization (Mallarino & Blackmer,
1992).

The CSTV defines the soil test value at the deficiency
or sufficiency level (Cox, 1992), indicating whether the soil
is likely to respond to supplemental P fertilization (Hardy
et al., 2014; Zhang et al., 2021). While concerns about the
lack of a minimum dataset for STP correlation and calibra-
tion studies have been expressed (Slaton et al., 2022), less
attention has been given to different mathematical models
to calculate CSTV. Over the years, several models to esti-
mate the CSTV have been reported in the literature, such
as linear plateau (LP), quadratic plateau (QP), Cate—Nelson,
Mitscherlich (Cox, 1992; Crozier et al., 2004; Culman et al.,
2023), and modified arcsine-log calibration curve (ALCC)
(Correndo et al., 2017). As reported by Mallarino and Black-
mer (1992) and Cox (1992), models with similar R? values
can estimate different CSTVs. Generally, when estimated by
the LP model at the join point (JP) of the response curve,
CSTVs are slightly lower or more conservative than CSTVs
estimated by the quadratic, QP, and exponential models (Cox,
1992). For the QP model, the CSTV is often defined at the JP
or as a percentage of the maximum predicted RY, referred to
as the sufficiency level or sufficient interpretation of the RY
(e.g., 95%; Slaton et al., 2024). Since the CSTV corresponds
to a target sufficiency level, the choice of this level is closely
linked to the definition of CSTV (Dyson & Conyers, 2013).
Morales et al. (2023) estimated the P CSTV using LP and QP
at a 95% and 100% sufficient interpretation level of the RY
(LP-95, QP-95, LP-JP, and QP-JP) for long-term trials in the
Piedmont, Coastal Plain, and Tidewater regions of North Car-
olina. On average, CSTVs estimated with QP-JP and QP-95,
respectively, were 40% and 16% higher than those estimated

with LP-JP. However, despite these differences, that study did
not statistically compare the CSTVs, it only presented their
values. Dodd and Mallarino (2005) evaluated the P CSTV
using LP-JP, QP-JP, and exponential model at 99% of the max-
imum predicted yield for corn and soybean. They reported
substantial differences in CSTV calculated among the models;
however, no statistical comparisons were conducted.

Furthermore, the P CSTV is not fixed; rather it varies sig-
nificantly depending on a wide range of field conditions,
such as soil type and sampling depth, and yearly weather
(Tiecher et al., 2023). Although CSTVs may be close, the
values are specific to each crop, as different crops have vary-
ing P requirements (Crozier et al., 2004; Dodd & Mallarino,
2005). A wide range of P CSTVs for corn has been reported
across the different regions in North Carolina. For Piedmont
soils with higher P-buffer capacity, the CSTVs vary from 7
to 15 mg kg~! (Mehlich-1 P converted to Mehlich-3; Cox &
Lins, 1984; Kamprath, 1967; Morales et al., 2023), while in
the Coastal Plain soils, which generally have lower P diffu-
sion and lower buffering capacity, corn P CSTVs are generally
higher, ranging from 15 to 30 mg kg~! (Gatiboni et al., 2021).
However, Morales et al. (2023) reported a P CSTV for corn
of 59-66 mg kg~! (LP-JP and QP-95, respectively) for Golds-
boro soil in the same region, which likely reflects an upper
value within the natural variability of CSTVs rather than a
definitive shift in crop P requirements. According to Cox
(1992, 1996), the uncertainty of knowing the true critical level
requires fertilization above that level to ensure no yield loss.
This explains why laboratories recommend fertilization at P
levels up to 50% greater than the average CSTV for crops
grown in soils with similar characteristics. For decades, the
reference CSTV of P in North Carolina has been set at 53 mg
kg™! (converted from 60 mg dm~>—assumed scoop density
of 1.13 g dm™3; Hardy et al., 2014). This has led to fertiliza-
tion above the research-based CSTYV, especially in clay soils
with high buffer capacity from the North Carolina Piedmont
region (Gatiboni et al., 2021).

Authors use different criteria to select the most appropriate
models to estimate CSTV, including R2, Akaike information
criterion (AIC), and p-values. These criteria are not applied
consistently across studies, and authors occasionally fail to
report a justification for selecting a particular model. In addi-
tion, the approach to defining a single critical value might not
be adequate to represent the variation of the CSTV due to sea-
sonal fluctuations in growing environments across the same
field location. Subsequently, Cox (1992) suggests adopting a
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critical range instead of a unique CSTV. Slaton et al. (2024)
emphasized that information related to the probability or fre-
quency of yield response to fertilization would benefit the
fertilization decisions from soil test correlation. For this rea-
son, combining the results of the frequency of crop response
at acertain STP and the CSTV can help determine the breadth
of CSTV and offer valuable information to support interpre-
tations (Culman et al., 2023; Slaton et al., 2024). The current
study aimed (1) to compare the CSTVs of P for corn calculated
with the modified ALCC, LP-JP, QP-JP, and QP-95 models
and (2) to calculate the frequency of crop response to STP in
three long-term trials in North Carolina.

2 | MATERIALS AND METHODS

2.1 | Long-term soil fertility trials
description

Studies were carried out during 2010, 2012, and 2014 crop-
ping years in three long-term trials located in the North
Carolina Piedmont, Coastal Plain, and Tidewater physio-
graphic regions (Figure S1). The Piedmont site (35.698832,
—80.619754) is at the Piedmont Research Station (Rowan
County, Salisbury, NC). The trial started in 1985 in an area
of 0.22 ha on a Hiwassee sandy clay loam (fine, kaolinitic,
thermic, Rhodic Kanhapludult), with a clay content of 310 g
kg~! at 0- to 10-cm depth, and is managed under no-till with
four rates of P fertilization. The Coastal Plain site (36.126891,
—77.180694) is at the Peanut Belt Research Station (Bertie
County, Lewiston-Woodville, NC). The trial started in 1982 in
an area of 0.53 ha on Goldsboro sandy loam soil (fine loamy,
siliceous, subactive, thermic Aquic Paleudult), with a clay
content of 90 g kg~! at 0- to 20-cm depth, and is managed
under conventional tillage with four rates of P fertilization.
The Tidewater site (35.861238, —76.658075) is at the Tide-
water Research Station (Washington County, Plymouth, NC).
The trial started in 1955 on 2.2 ha of Portsmouth sandy loam
soil (fine-loamy over sandy or sandy-skeletal, mixed, semiac-
tive, thermic Typic Umbraquult), with a clay content of 90 g
kg~! at 0- to 20-cm depth, and is managed under minimum
tillage, with five rates of P fertilization.

2.2 | Treatments and crop management

Table S1 presents the mean soil test results from all the plots,
except for P, for each site-year. The P rates changed slightly
over the years to maintain the P fertility gradient in the soil
within a useful range for calculating the CSTV. Application
rates of P fertilizer ranged from 0 to 39 kg P ha~! at the Pied-
mont site, 0 to 78 kg P ha~! at the Coastal Plain site, and
from O to 59 kg P ha~! at the Tidewater site (Table 1). The

Soil Science Society of America Journal 3of13

Core Ideas

The 95% confidence intervals of the critical soil
test value (CSTV) did not differ for tested models.
Quadratic plateau at 95% of maximum yield
selected as the preferred model to state the CSTV
for each site.

The frequency of corn response to soil test
phosphorus (STP) concentrations declined with
increasing STP.

Combining the frequency of response and CSTV
is a useful approach to defining the critical soil test
range (CSTR).

Low crop response is expected at CSTR > 26—
37 mg kg~! in the Coastal Plain site, >45-49 mg
kg~! in the Tidewater site.

source of P was triple superphosphate (201 g P kg™!), and
the P treatments received a uniform rate of potassium (K)
using muriate of potash (500 g K kg=!) (Table S2). Phos-
phorus and K fertilizers were broadcast at planting without
being incorporated into the soil. For all trials, the experi-
mental design was a randomized complete block design with
four replicates, except for the Tidewater site, with six repli-
cates. During the evaluated years (2010, 2012, and 2014),
corn was grown at all three sites during the summer. At all
sites, soybean was grown in 2011 and sorghum in 2013, and
they were treated as crop fields, with no fertilizer applica-
tion and no data collection. Additional details about previous
crops and soil management at these sites are described by
Crozier et al. (2004, 2009). Standard agronomic manage-
ment practices were followed for herbicides, insecticides, and
fungicide applications. Total nitrogen rates (at planting plus
side-dress) ranged from 181 to 209 kg ha™!, depending on the
site and the year. Details about experimental features and crop
management are in Table S2.

2.3 | Soil and plant analysis and yield
determination

Due to the different soil management practices, soil samples
were collected at different depths at each site. Yearly at the
tassel (VT) growth stage of corn, soil samples were taken
at 0- to 10-cm depth at the Piedmont site (no-till system);
at 0- to 20-cm depth at the Coastal Plain due to the con-
ventional tillage, as tillage typically affects the top 20 cm;
and O- to 15-cm depth at the Tidewater site, due to the
minimum tillage, as the field was frequently disked up to
this depth. To mitigate potential bias caused by the current
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TABLE 1

FILIPPIET AL.

Phosphorus (P) fertilizer rates applied yearly (P rate), mean of soil test P (STP) concentrations (Mehlich-3 extraction), and grain

yield in 2010, 2012, and 2014 for long-term trials in the Piedmont, Coastal Plain, and Tidewater physiographic regions of North Carolina

(mean =+ standard error).

P rate STP Grain yield P rate STP Grain yield P rate STP Grain yield
Treatment (kgPha™') (mgkg!) (Mgha!) (kgPha'!) (mgkg™') (Mgha™') (kgPha') (mgkg') (Mgha')
Piedmont
2010 2012 2014
P1 0.0 64 +£0.7 4109 0.0 10.0 £ 0.9 3.1+£09 0.0 4806 49+10
P2 9.8 e 55+04 9.8 154+19 51+04 4.9 7.6 +09 6.9+ 0.6
P3 19.6 125+ 1.2 4910 19.6 21.8 27 51+06 9.8 110+£14 54=x11
P4 39.2 283+28 45+08 39.2 48.0 £ 8.6 56+09 19.6 250+2.1 39+09
Coastal Plain
2010 2012 2014
P1 0.0 86+1.0 14+04 0.0 19.8 £ 34 1.8+0.7 0.0 106 £ 1.3 2706
P2 19.6 18.0+4.7 6.3 +0.6 19.6 323+9.0 7.1+0.5 9.8 199+34 68+02
P3 39.2 240+22 6.8 +£0.6 39.2 575+ 18,0 67x12 39.2 33125 69+08
P4 783 72.1+57 64 +£05 783 123.5+135 64+04 78.3 100.2+69 68+02
Tidewater
2010 2012 2014
P1 0.0 207+ 1.1 21+£07 0.0 326+ 1.2 08+04 0.0 264+06 35x05
P2 49 35010 44x10 49 385+1.6 32+07 49 32109 44108
P3 9.8 383+1.6 75+05 9.8 47.8 £3.5 45+03 9.8 37014 52+03
P4 19.6 413+10 93+07 29.3 56.1+20 55+04 29.3 530+33 50+04
P5 39.2 53826 10.7 £ 0.6 58.7 76.8 + 6.1 63+0.3 73.4 88955 52405
fertilization plus the residual effect of past fertilization, as 24 | Data analysis
reported by Crozier et al. (2004), soil samples were consis-
tently collected at mid-season. This timing ensured a repre- 2 41 | Relative yield

sentative measurement of soil nutrient concentrations follow-
ing fertilizer application, allowing sufficient time for fertilizer
granules to dissolve into the soil. Samples were submitted to
the Soil Testing Laboratory at the North Carolina Department
of Agriculture & Consumer Services (NCDA&CS). The STP
was extracted by Mehlich-3 extraction procedure (Mehlich,
1984) and analyzed using inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES). Tissue samples were
collected by sampling the ear leaf, adjacent to and below the
uppermost developing ear, from five plants in each plot at
the R1/R2 growth stage. Corn tissue samples were submitted
to the NCDA&CS Plant/Waste/Media/Solution Section. The
plant tissue was submitted to wet digestion with HNO3, and
the total P concentration was analyzed with ICP-OES (Figure
S2).

Corn yield data were obtained manually by harvesting corn
ears from two rows of 3.0 m lengths from each plot. Corn
ears were shelled, and grain yields were adjusted to market
standard moisture of 155 gkg™! based on a handheld moisture
meter determination.

Grain yield was calculated to RY using the method named
“MAX” (Pearce et al., 2022). The RY for each treatment (P
rate) was calculated as the mean yield of the treatment divided
by the numerically highest mean yield of any treatment, which
can be the control or a treatment receiving P fertilization. This
calculation method produces a maximum RY of 100%, indi-
cating that the yield of the treatment with RY of 100% was
probably not limited by the nutrient of interest. Due to the
presence of residual soil P from previous fertilization events,
in addition to the current P fertilizer treatments, it was not
feasible to isolate the initial STP levels prior to the annual
P fertilization. The current STP levels were more influenced
by the cumulative P applications over 25, 28, and 55 years at
the Piedmont, Coastal Plain, and Tidewater sites, respectively,
rather than by the most recent or annual P application rates.
Consequently, it is presumed that the variations in corn RY
were primarily driven by the STP gradient, rendering the P
rate factor as negligible.
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2.4.2 | Models and CSTYV calculations

For each site-year, the mean RY was paired with the corre-
sponding mean STP value across replicates for each treatment
(P fertilization rate) to generate a data point on the soil test
correlation scatterplot. All analyses were performed using
plot-level data, although only the mean values are displayed
in the soil test correlation charts. For each site, CSTVs were
estimated using pooled data from all test years, rather than
calculating CSTVs individually for each year. Although data
from the 2014 Tidewater site-year were collected (Table 1),
it was excluded from the final analysis due to high yield
variability (see Section 3.2). Three models were selected to
estimate the soil test correlation, and the CSTV was predicted
at one sufficiency level for each model. However, for the QP
model, the sufficiency level was interpreted at two points on
the response curve, resulting in a total of four model and suf-
ficiency level combinations to evaluate the CSTV (p < 0.10).
For the LP model, the CSTV was predicted as the JP; for the
QP model, at the JP (QP-JP) and 95% of the maximum model
prediction plateau (QP-95), and for the modified ALCC, a
RY of 95% was selected as the sufficient level to estimate the
CSTV.

To estimate the uncertainty around each model, the boot-
strapping analysis was used to extract the 0.025- and 0.975-
quantiles from the distribution to obtain the 95% confidence
interval. For each dataset, random resampling with 5000
replacements was made, and for each bootstrap set of 5000,
we applied the four models to determine the 95% confidence
interval. Even though we did not consider the mean CSTV
from the bootstrap analysis, the bootstrap data were omit-
ted when the CSTV predicted from bootstrap analysis was
outside the boundaries of the minimum and maximum STP
values represented by the dataset, the p-value > 0.10, and
the maximum bootstrap model prediction plateau higher than
100%. We used the successful bootstrap samples to calculate
each model’s 95% confidence interval (95% lower confidence
interval [LCI] and 95% upper confidence interval [UCI]).

A single-degree-of-freedom contrast analysis was per-
formed to compare the mean yield for each successive P
treatment and classify treatments as either “responsive” or
“unresponsive” to increasing STP. Specifically, mean yield
comparisons were performed sequentially (P; vs. P,, P, vs.
P, and so on). The treatment was classified as “responsive”
if the yield increase between consecutive treatments was sta-
tistically significant (p-value < 0.10), indicating a positive
response to increased STP. Otherwise, the treatments were
classified as “unresponsive”.

The frequency of corn yield response to increasing STP
was assessed using plot-level data categorized into STP inter-
vals. These intervals were defined in 5 mg kg~! increments,
starting from the lowest and extending to the highest STP
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values observed at each site. Within each STP category, the
frequency of corn yield response was calculated as the pro-
portion of “responsive” treatments (as previously defined)
relative to the total number of treatments in that category (Sla-
tonet al., 2024). This approach enabled the evaluation of corn
response across a continuous STP gradient. The relationship
between STP and frequency of response was modeled using
the sigmoidal Gompertz equation. One outlier observation in
the Coastal Plain dataset was identified and was omitted from
the frequency analysis.

To interpret predictions (CSTV, LCI, and UCI) of the four
models in the context of the frequency of response, we used
the fitted Gompertz equation to calculate the predicted fre-
quency of response at each of these STP values (CSTV, LCI,
and UCI). The critical soil test range (CSTR) was then defined
as the range between the CSTV estimated by each model and
the STP value corresponding to a 10% frequency of response.

2.5 | Statistical analyses

Statistical analyses were performed in RStudio (R Core Team,
2024). The code for model fitting and bootstrapping sam-
pling was adapted from the package Soil Test Correlation and
Calibration (soiltestcorr 2.2.0) and Regression Analysis Lin-
ear and Nonlinear for Agriculture (AgroReg 1.2.9) (Correndo
et al., 2023). We assessed the goodness of fit using the R?
and AIC from a single best-fit model of the original data,
similar to procedures used by Slaton et al. (2024). Given the
differences in soil type and soil sampling depth, influenced by
the predominant tillage system in each region (no-till vs. con-
ventional/minimum tillage), each site was analyzed separately
(only site-years were grouped by site).

3 | RESULTS AND DISCUSSION

3.1 |
site

Phosphorus CSTV at the coastal plain

Residual soil P from previous fertilizations combined with P
fertilizer treatments ranging from 0 to 78 kg P ha~! applied
annually, resulted in a STP gradient ranging from 8.6 to
100.2 mg kg~! at the Coastal Plain long-term trial (Figure 1;
Table 2). In the same long-term trial, Crozier et al. (2009)
reported STP ranging from 8 to 57 mg kg~! prior to their
experiment in 2004, while Morales et al. (2023) reported an
average STP between 15.5 and 142.5 mg kg~! (2020 and 2021
crop years), evidence of P accumulation with successive fer-
tilization. The STP variation observed over the 3 years at
the Coastal Plain site (Table 1) might be related to the low
clay content and a larger decrease in extractable P with crop
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FIGURE 1 Four modeling approaches to estimate the critical soil test value (CSTV; Table 2) correlating soil Mehlich-3 P and corn relative

yield at the Coastal Plain site. The CSTV cloud distribution of up to 5000 bootstrap samples for each modeling approach is shown with purple points.
The horizontal bars represent the standard error (a—d) and the 95% confidence interval of the CSTVs (e). The dashed vertical line represents the
reference P CSTV for North Carolina of 53 mg kg™' at 0- to 20-cm depth (Hardy et al., 2014). Responsive is defined as showing a positive response

to increased soil test P at p < 0.10. ALCC, modified arcsine-log calibration curve; LP, linear plateau; QP, quadratic plateau with the CSTV

interpreted at the join point (maximum yield): QP-95, quadratic plateau with the CSTV at 95% of the predicted maximum relative yield.

removal (Novais & Kamprath, 1978). Over 3 years, corn RY
ranged from 21% to 100% (1.4to 7.1 Mg ha™!). A similar corn
yield range was reported at the same trial, ranging from 2.5 to
9.5 Mg ha~! in 2004 (Crozier et al., 2009).

The P CSTVs ranged between 24.3 and 41.6 mg kg~! for
the different model types (Figure 1; Table 2). The lowest
CSTV value (24.3 mg kg~') was calculated with the LP-JP
model, while the highest value was obtained with the mod-
ified ALCC (41.6 mg kg™!). The QP-JP and QP-95 models
generated intermediate CSTVs of 31.4 and 25.5 mg kg™!,
respectively (Table 2). Although all models presented a sim-
ilar AIC, the LP-JP and QP models fitted the data better,
yielding R? = 0.65, while the modified ALCC showed a weak
correlation with R? = 0.33 (Table 2). The R? represents the
goodness of fit for each model, indicating the strength of the
soil test correlation, but it should not be used to compare mod-
els (Slaton et al., 2024; Tellinghuisen & Bolster, 2011). The
95% confidence limit range overlapped for all CSTVs calcu-
lated with the four models (Figure le). However, the LP-JP
and QP-95 models presented narrower and similar 95% CI,

averaging from an STP of 17.1 to 37.8 mg kg~!. On the other
hand, the widest 95% CI range was observed for the modi-
fied ALCC, from 25.0 to 71.0 mg kg™!, represented by the
wide dispersion of the 5000 bootstrap samples throughout the
dataset (Table 2; Figure le). As Slaton et al. (2024) reported,
datasets and models with strong correlations are expected to
generate a narrow confidence interval.

All four models predicted mean CSTV at lower values than
the CSTV recommendation for North Carolina (53 mg kg™!
at 0- to 20-cm depth; Hardy et al., 2014); on average, it was
49% lower with LP-JP, QP-JP, and QP-95 and 22% lower with
ALCC. Cox and Barnes (2002) evaluated corn grown from
1984 to 1997 at the same experiment site and reported a P
CSTV of 18 mg kg~! (22.0 mg dm~>) obtained with the LP-
JP model, while Crozier et al. (2004) reported a P CSTV of
20.6 mg kg~! for cotton in 1998 and 1999 with the same
model. In contrast, Morales et al. (2023) showed CSTVs of
66.1 and 48.4 mg kg~! with QP-95 and LP-JP models, respec-
tively, for asoybean—corn rotation grown in 2020-2021 for the
same trial as the current study. However, their study did not
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FIGURE 2 Four modeling approaches to estimate the critical soil test value (CSTV; Table 2) correlating soil Mehlich-3 P and corn relative
yield at the Tidewater site. The CSTV cloud distribution of up to 5000 bootstrap samples for each modeling approach is shown with purple points.
The horizontal bars represent the standard error (a—d) and the 95% confidence interval of the CSTVs (e). The dashed vertical line represents the
reference P CSTV for North Carolina of 53 mg kg™' at 0- to 20-cm depth (Hardy et al., 2014). Responsive is defined as showing a positive response

to increased soil test P at p < 0.10. ALCC, modified arcsine-log calibration curve; LP, linear plateau; QP, quadratic plateau with the CSTV

interpreted at the join point (maximum yield): QP-95, quadratic plateau with the CSTV at 95% of the predicted maximum relative yield.

statistically compare CSTVs, only presenting their values.
Over the 37 years from 1984 to 2021, during which authors
reported P CSTV evaluations, the available data for this
long-term trial remain limited. By incorporating our dataset
(2010, 2012, and 2014), we assess temporal variability and
help bridge this information gap for the Coastal Plain site,
providing, on average, one P CSTV evaluation per decade.

3.2 | Phosphorus CSTYV at the Tidewater site
Residual soil P from past inputs, combined with P fertil-
ization ranging from 0 to 58.7 kg P ha~! applied annually,
resulted in a STP gradient ranging from 29.7 to 76.8 mg kg~!
at the Tidewater long-term trial during 2010 and 2012 crop-
ping years (Figure 2; Table 2). Different from the Piedmont
site, the history of fertilization over the years increased the
STP at the Tidewater trial above the recommended P CSTV
for North Carolina (53 mg kg~!; Hardy et al., 2014). At
the same long-term trial in Tidewater, Crozier et al. (2009)

reported STP ranging from 18 to 56 mg kg~! before their
experiment in 2004, while Morales et al. (2023) reported an
average STP between 34.5 and 169.5 mg kg~!, showing P
accumulation with successive fertilization. In 2010 and 2012,
corn RY ranged from 12% to 100% (0.8 to 10.7 Mg ha™!). A
similar corn yield range was reported in the same trial, rang-
ing from 0.8 to 7.5 Mg ha~! in 2004 and from 1.1 to 6.0
Mg ha~! in 2005 (Crozier et al., 2009). Historical weather
records indicate that in 2014 (data not shown), elevated tem-
peratures during the reproductive development stages (VT to
R2; silks emerging to blister stage) induced water stress and
contributed to inconsistent yield responses. The high yield
variability observed among plots that received identical P
treatments was likely driven by environmental factors rather
than STP levels (Table 1). This variability introduced bias
into the relationship between STP and RY for that site-year.
Consequently, the 2014 data were excluded from the final
analysis (Table 2; Figure 2). Although this paper does not
focus on plant tissue analysis, P concentration in corn ear leat
tissue increased linearly in the 2010 and 2012 cropping years
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and could have continued to increase with higher STP levels
(Figure S2).

Because the data showed greater variation in RY (88 units)
than in STP (47 units), the CSTVs calculated with the four
models exhibited less variation than what was observed in the
Coastal Plain dataset (Figure 1; Table 2). The lowest CSTV
value (42.9 mg kg™') was again obtained with the LP-JP
model, while the highest value was obtained with the modified
ALCC (55.4 mg kg" ) (Table 2). The QP model, evaluated at
two sufficiency levels, retrieved intermediate CSTVs of 54.6
and 48.7 mg kg~! with QP-JP and QP-95, respectively. All
models presented a similar AIC, on average 84, and a similar
R?. However, LP-JP, QP-JP, and QP-95 models indicated the
strongest soil test correlations with R of 0.87 and 0.88, while
the modified ALCC showed a correlation with R?> = 0.80
(Table 2). The 95% confidence limit ranges overlapped for all
CSTVs calculated with the four models (Figure 2¢). The LP-
JP model exhibited the highest R?, the lowest AIC, and the
narrowest confidence interval, from a STP of 39.8 to 53.9 mg
kg™! (14 units range). It was expected that a strong correla-
tion, as demonstrated by the QP-JP and QP-95 models, might
present a narrow confidence interval; however, QP-JP pre-
sented the widest 95% CI range, ranging 27 units between
the LCI and UCI limits (42.8 to 70.2 mg kg~!). The QP-
95 presented a CSTV ranging from 40.3 to 59.9 mg kg™!
(20 units range). The opposite was observed with the ALCC
model, which offered the lowest R but presented a narrow
95% CI range—19 units ranging from 47.4 to 66.4 mg kg™!
(Figure 2e). These results suggest that the size of the CI is
influenced by the function used to model the soil test corre-
lation and the variability of the dataset, and not solely by the
strength of the correlation as indicated by R2.

The CSTVs estimated with LP-JP and QP-95 were numeri-
cally 19% and 8% lower, respectively, than the recommended
CSTV for North Carolina (53 mg kg~!; Hardy et al., 2014),
while the ALCC and QP-JP models showed CSTVs that were
5% and 3% higher, respectively. However, the 95% CI of all
models included the reference value of 53 mg kg~!, indi-
cating that these differences were not statistically significant
(Figure 2e). McCollum (1991), working on Portsmouth soil at
the same research station as the current study, estimated a P
CSTV of43 mg kg™ for a corn-soybean system (original data
shows Mehlich-1 extractable STP =22 g m‘3). Later, in the
same trial, Crozier et al. (2004) reported a P CSTV of 40 mg
kg~! (LP-JP) for cotton, while Morales et al. (2023) found a
CSTV of approximately 51.0mg kg~! (QP-95) for a soybean—
corn rotation in 2020-2021. The CSTVs reported by these
authors highlight the fluctuation of the P CSTV over time as
aresult of site-specific conditions, the selected mathematical
model, and the crop species. The difference between the esti-
mated CSTVs in our study and the current recommendation
for North Carolina could be even greater if soil samples had
been collected at a depth of 0-20 cm. Since P concentrations

Soil Science Society of America Journal 9of 13
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FIGURE 3 Soil Mehlich-3 P and corn relative yield at the
Piedmont site. The horizontal bars represent the standard error.
Responsive is defined as showing a positive response to increased soil
test P at p <0.10.

typically decrease with depth, particularly when fertilizer is
surface-applied without incorporation, as in this study, sam-
pling at 0-20 cm could result in a lower STP due to the dilution
of higher surface P concentrations with lower subsurface con-
centrations (Mallarino & Borges, 2006). Although the STP
gradient might be less pronounced when considering the 0- to
15-cm soil layer because of minimum tillage and low clay con-
tent, Tiecher et al. (2023) reported a 29% increase in P CSTV
for the 0- to 10-cm layer compared to the O- to 20-cm layer at
the Tidewater long-term trial. This vertical dilution effect has
the potential to reduce the calculated CSTV and influence the
resulting fertilizer recommendations.

3.3 | Phosphorus CSTV at the Piedmont site
Phosphorus fertilizer treatments ranging from 0 to 39 kg P
ha~! applied annually plus residual soil P from past inputs
resulted in a STP gradient of 4.8 to 48.0 mg kg~! at the
Piedmont long-term trial (Figure 3). Over 3 years, corn RY
ranged from 56% to 100%, which was narrower than the
ranges observed at the Coastal Plain and Tidewater sites.
Although yield varied from 3.1 to 6.9 Mg ha~!, the high
standard error associated with each treatment indicates sub-
stantial variation in corn yield within-treatment (Table 1).
There was no yield plateau in response to the STP gradi-
ent, and none of the tested models (ALCC, LP-JP, QP-JP,
or QP-95) provided a good fit for the data (p-value > 0.10).
Consequently, the P CSTV could not be determined for the
Piedmont site. Additionally, corn yield from all treatments
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FIGURE 4 Frequency of crop response to soil test P at the Coastal Plain site (a) during the 2010, 2012, and 2014 cropping years, and at the

Tidewater site (b) during 2010 and 2012 cropping years in North Carolina.

over the 3 years was classified as “unresponsive” due to the
lack of significant differences in a single-degree-of-freedom
contrast comparing mean yields (Figure 3). Earlier research
from the same long-term trial reported that grain yield did
not increase beyond that of the unfertilized plots for any crop
(corn in 2004; wheat and soybean in 2005), despite initial
soil Mehlich-3 P levels ranging from 1 to 9 mg kg ™! (Crozier
etal., 2009). The authors suggested that spatial variability due
to slope (2%—6%) and uneven erosion may have contributed
to the lack of yield response at the Piedmont trial. Despite
soil samples being collected at the depth of 0-10 cm, the
layer with the highest P concentration due to broadcast fer-
tilization aligned with no-till, the STP remained below the
recommended P CSTV for North Carolina (53 mg kg~! at
0- to 20-cm depth; Hardy et al., 2014). This indicates that
soils having more clay, such as Kaolinitic soils (Hiwassee
soil series), exhibit a high P-buffering capacity, making them
resistant to changes in STP upon fertilization or P removal by
crops (Cox & Lins, 1984; Kamprath, 1999). To improve the
accuracy of the fertilizer recommendation, the recommenda-
tion systems should account for different CST Vs for soils with
high P buffer capacity (Gatiboni et al., 2021).

3.4 | Frequency of corn response to
increasing STP and CSTR

The frequency of corn response to STP decreased with the
increase of P content in the soil at Coastal Plain and Tidewa-
ter sites (Figure 4a.b). The 90% frequency of crop response
to STP occurred when STP was 13.1 and 39.5 mg kg~! at
the Coastal Plain and Tidewater sites, respectively. The fre-

quency of response gradually declined with the increase in
STP at the Coastal Plain site, reaching a frequency of 10% at
an STP of 37.0 mg kg™!. At the Tidewater site, the frequency
of response declined abruptly, primarily due to the absence
of observations between STP values associated with 80% and
0% response frequencies. The 10% frequency was estimated
atSTP of 44.9 mg kg~!. Inarange of 24 and 5 STP units at the
Coastal Plain and Tidewater sites, it is possible to go from a
90% frequency of response to a low 10% response threshold.
A 50% frequency of response was obtained at STP 25.9 mg
kg~! at the Coastal Plain and STP 42.9 mg kg™! at the Tide-
water site (Figure 4a,b). On the other hand, the frequency of
response at the Piedmont site was not calculated because no
treatment at that location was classified as responsive, result-
ing in a uniform frequency of response of 0% across all STP
categories.

Regardless of the model used, uncertainty around the
CSTV occurs due to the limited strength of the soil test
correlation. This uncertainty may result from biophysical
variability in crop responses to P or from mathematical vari-
ability associated with using discrete STP values to model
continuous response functions. Given this variability, a CSTR
can provide a more realistic guide for agronomic decisions
than a single CSTV (Bell et al., 2013; Cox, 1996; Slatonet al.,
2024). Different concepts are available to define the CSTR.
For instance, Slaton et al. (2024) considered the CSTR, such
as the range between the CSTV and the 95% UCI. Culman
et al. (2023) classified the CSTV and crop yield into dis-
crete categories, providing a useful and consistent framework
for assessing the probability of crop response to fertilization.
To define the CSTR in our study, we combined the CSTV
obtained from each model with the STP value corresponding
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toa 10% frequency of crop response to increased STP, as esti-
mated by the Gompertz model. At the Coastal Plain site, the
CSTR based on the QP-95 model ranged from 25.5 to 37.0 mg
kg™!, with the associated frequency of response declining
from 52% to 10% (Table 2). At the Tidewater site, the QP-
95 model yielded a narrower CSTR of 44.9 to 48.7 mg kg~!,
with a frequency of response from 10% to 0%. The ALCC
model predicted CSTVs of 41.6 mg kg~! (Coastal Plain) and
55.4 mg kg~! (Tidewater), both higher than the STP values
corresponding to a 10% frequency of crop response (37.0
and 44.9 mg kg~!, respectively). These CSTVs are associ-
ated with a very low frequency of crop response (2.4% and
0%), suggesting the ALCC mode may overestimate P require-
ments, and it would encourage producers to raise STP to a
level where crop response would not be expected. In con-
trast, the widest and narrowest CSTRs among all models were
observed with the LP-JP model, 24.3-37.0 mg kg~! for the
Coastal Plain (frequency of response of 56%—10%) and 42.9—
44.9 mg kg~! for the Tidewater site (50%—10%). Although the
LP-JP model could be the most sensitive model to the variabil-
ity of the dataset, producing many CSTVs within a range, the
high frequency of crop response observed at the Coastal Plain
site (56%) suggests that this CSTV may underestimate the P
required to avoid yield loss.

Among the four models tested to calculate the CSTV and
the CSTR for the Coastal Plain and Tidewater sites, we
adopted the QP-95 as the preferred model to state our results,
which was the same model chosen by the Fertilizer Recom-
mendation Support Tool (FRST) team (Slaton et al., 2024).
As cited in the previous study, the LP or QP models have been
extensively used for soil test correlation relationships. Our
results (Table 2) show that the CSTVs estimated from the LP,
when interpreted at the JP, are more conservative than those
from the QP-JP model. The QP model is particularly advan-
tageous because it captures the law of diminishing returns,
where crop yield increases with increasing STP up to a critical
level, beyond which additional fertilization does not signifi-
cantly improve yield (Dahnke & Olson, 1990). Furthermore,
the QP model better describes gradual yield responses to a
given soil test nutrient than the LP model, which assumes an
abrupt transition at the JP. In our results, the modified ALCC
model presented numerically the higher CSTVs, and showed
a 0% frequency of response at all model predictions (CSTV,
LCI, UCI) for the Tidewater site. This suggests that STP
should be raised to a level where no agronomic benefit from
overfertilization is expected. In contrast, the QP model, when
interpreted at 95% of the maximum RY, allows for a more
practical definition of the CSTR, including values between
95% and JP. As reinforced by Slaton et al. (2024), there is
still a need for consistent modeling approaches in soil test
correlation to define a CSTR and to calibrate the fertilizer.
The variability in the frequency of crop response associated
with different model predictions highlights the need to eval-
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uate the approach used in this study for defining the CSTR
across broader and more diverse datasets. Further testing of
this approach, particularly within large-scale datasets such as
those compiled by the FRST team, is essential to validate and
refine the calculation of the CSTR.

The recommended P CSTV for North Carolina (53 mg
kg™!; Hardy et al., 2014) exceeds the calculated CSTR
for the Coastal Plain (25.5-37.0 mg kg~!) and Tidewater
(44.9-48.7 mg kg™!) sites. Revising fertilizer recommenda-
tions for soils similar to those in this study could lead to
more cost-effective fertilization practices, reducing the risk of
overfertilization, and protecting water quality.

4 | CONCLUSIONS

This study compared four mathematical models to fit the STP
concentrations determined by Mehlich-3 and corn RY cor-
relations to calculate the P CSTV using data collected in
2010-2014 from three long-term trials in North Carolina.
Corn yield increases in response to the STP gradient were
attributed to the residual effect of past P fertilization combined
with annual P applications at the Coastal Plain (Goldsboro
soil) and Tidewater (Portsmouth soil) sites. Due to high site
variability at the Piedmont trial (Hiwassee soil), neither model
provided an adequate fit to the data, and no conclusions could
be established regarding the corn yield response across the
STP gradient for this site.

At the Coastal Plain site, the P CSTVs estimated with the
ALCC, LP-JP, QP-JP, and QP-95 models were 41.6, 24.3,
31.4, and 25.5 mg kg~ !, respectively. At the Tidewater site,
the P CSTVs were 55.4, 42.9, 54.6, and 48.7 mg kg~! using
the ALCC, LP-JP, QP-JP, and QP-95 models, respectively.
Even though the CSTVs were driven by the models and suf-
ficiency interpretation, showing the highest CSTV with the
ALCC model and the lowest CSTV with the LP-JP model,
the 95% confidence interval of the CSTV did not differ for
the tested models and sites analyzed. However, the R? pre-
sented by the ALCC model was lower than other models for
both sites.

The frequency of crop response declined as STP increased,
reaching a 10% frequency of crop response at STP 37.0 and
44.9 mg kg~! at Coastal Plain and Tidewater sites, respec-
tively. We combined the CSTV obtained from models with the
STP value corresponding to a 10% frequency of crop response
to obtain the P CSTR. Considering this approach with the
QP-95 for our dataset, a low frequency of crop response to
increasing STP is expected in a CSTR greater than 26-37 and
45-49 mg kg~! at the Coastal Plain and Tidewater sites.
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Piedmont Long-term Trial Coastal Plain Long-term Trial

Location: Piedmont Research Station Location: Peanut Belt Research Station

Soil: Hiwassee sandy clay loam (fine, kaolinitic, thermic, Soil: Goldsbhoro sandy loam sail (fine loamy, siliceous, subactive,
Rhodic Kanhapludults) thermic Aquic Paleudults)

Clay content: 310 g kg—'at 0—~10 cm depth Clay content: 90 g kg~" at 0-20 cm depth

Starting year: 1985 Starting year: 1982

Tillage system: No-till Tillage system: Conventional tillage
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Tidewater Long-term Trial

Location: Tidewater Research Station
Soil: Portsmouth sandy loam soil (fine-loamy over sandy or
sandy-skeletal, mixed, semiactive, thermic Typic Umbraquults)
Clay content: 90 g kg-'at 0-20 cm depth

Starting year: 1955

Tillage system: Minimum tillage

Supplemental Figure S1 Regions of North Carolina: Mountains, Piedmont, and Coastal Plain,
including the subyegion of Tidewater in the Coastal Plain region, and the location of the three

long-term soil fertility trials.
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Supplemental Table S1. Soil test resultat the Piedmon{0i 10 cm depth)Coastal Plair{0i 20 cm depth)andTidewater (015 cm
depth)long-term trialsfor the 2010, 2012, and 2014 cropping ydarsan * standard deviation)

Siten Year pH Acidity CEC ?a Mg K S M"n Cu Zn HM. W/Y
________________ cmok kgt mgkg'! gkg* geni?
2010 6.40.3 0.9+0.2 7.0t0.9 3.8:0.7 1.8t0.3 138+46.2 25x7.9 237.1+545 2.8+0.6 2.9+1.0 1.3+0.4 1.06:0.04
Piedmont 2012 6.40.4 0.6£0.3 7.5t1.1 4.2+0.8 2.2+0.5 157+53.8 28+12.7 263.1+72.6 3.4+0.8 3.8+1.0 2.3t1.1 1.02:0.04
2014 6.1+0.3 1.20.2 7.1+1.0 3.740.7 1.9+0.4 154+56.1 32+9.4 220.2+58.4 2.8+0.6 2.3+0.6 1.5t0.4 1.09+0.03
Average 6.3t0.3 0.9+0.3 7.21.0 3.9+0.8 1.9+0.4 150+51.5 28+9.6 240.1+59.0 3.0#0.7 3.0+0.7 1.7+0.8 1.06t0.04
2010 6.2+0.2 1.0+0.1 5.6x0.5 3.5+0.4 0.8+0.1 120+140 10+0.7 5405 0.9+02 1.7+0.4 8.3+1.0 1.22+0.04
Coastal Plain 6.1+0.3 0.9+0.2 6.4+0.7 4.1+0.6 1.0+0.1 142+210 10+10 8.6.0.7 1.406 2.7408 8.2+1.0 1.16+0.03
2014 6.1+0.2 0.9+0.1 6.5+0.7 4.0£0.5 1.0+0.1 202+34.7 11+1.3 75+0.8 1.1+03 2.0202 7.5#1.4 1.240.03
Average 6.1+0.2 0.9+0.2 6.2+0.8 3.8+0.6 0.9+0.1 155+231 10+1.0 7.3+0.7 1.1+03 2.0+0.5 8.0+1.2 1.22+0.03
2010 5.50.1 1.6+0.2 8.740.7 5.3:0.6 1.5:0.1 129+21.4 12+1.7 5.2+0.7 1.0+0.4 1.1+0.2 26.93.1 1.11+0.03
Tidewater 2012 5.6t0.2 1.4+0.1 8.6t0.8 5.40.6 1.5+0.2 124+23.5 10+09 7.1+1.2 1.2+0.4 1.6+0.2 27.3:2.3 1.0#0.03

2014 6.0+0.1 1.5+0.1 9.0+0.8 5.50.6 1.74#0.2 120+20.6 10+1.0 6.6£0.9 1.0+0.4 1.3x0.2 25.3+2.9 1.120.03
Average 5.740.3 1.5+0.2 8.80.8 5.4+0.6 1.5+0.2 124+15.5 11+1.2 6.3+t1.0 1.1+0.6 1.3x0.2 26.5+2.9 1.10+0.03

@Average of 30 plots at the Tidewater site, 16 at the Coastal Plain site, and 16 at the Piedmont site.

Note: pH determined in 0.01 M CaGind adjusted to water pH (1:1 ratio); acidity determined by Mehlich buffer pH method (Mehlich,
1976); Ca, Mg, K, S, Mn, Cu, and Zn extracted by MehBcfMehlich, 1984a); humic matter determined as described in Mehlich
(1984b); CEC estimated by the sufrconcentrations of Ca, Mg, K, and acidity.

Abbreviations: CEC, cation exchange capacity; Hiimic matter; W/V, weight/volume
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Supplemental Table S2Crop information, nutrient rates, and experimental characteristics for Piedmont, Coastal Plain, and Tidewater

long-term trials for 2010, 2012, and 2014 cropping years.

Site
Attribute Piedmont Coastal Plain Tidewater
2010 2012 2014 2010 2012 2014 2010 2012 2014
Pioneer Pioneer , Pioneer Pioneer Pioneer Pioneer Pioneer
. Pioneer Dekalb
Corn \ariety 31G71 31G71 1690 HR 31G71 31G71 31G71 6806 31G71 31G71
LL/RR LL/RR LL/RR LL/RR LL/RR LL/RR LL/RR
Row spacingm) 0.53 0.38 0.38 0.53 0.51 0.51 0.56 0.56 0.56
Plant populatiorfseeds hd) 75,000 75,375 75,000 84,375 84,375 84,375 93,750 93,750 93,750
Planting date 13-Apr 16-Apr 8-Apr 8-Apr 3-Apr -2 14-Apr  25-Apr -
Harvest date 27-Aug 12-Sep 19Sep  31-Aug 11-Sep 17-Sep 24-Aug 10-Sep 26-Aug
Nitrogen rate Kg N hd?) 181.0 181.0 181.0 201.8 201.8 201.8 - 208.6 -
K rate in P treatment&kg K hd?) 74.7 74.7 93.4 186.8 186.8 186.8 28.0 28.0 28.0
Soil management No-till Conventional tillage Minimum tillage
Experimental design RCBDP RCBD RCBD
Replications 4 4 6
Plotdimensionsf) 13.7x5.8 13.1x7.3 53x6.4

4nformation not available for the current year

PRCBD, Randomized complete block desig
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Three siteyears presented a response to @anleatissue P concentratigiedmont in 2012;

Tidewater 2010 and 2012\ hile five siteyears did not exhibit statistical difference, and there

was no apparent pattern associated with yt@lcerall, for all sites,ieear leatissue P

concentration was below the critical sufficiency range for corri 82059 kg J recommended for

the Southern states of the U.S. (Campbell, 2000).

@

3.0
25 +
2 P
220 A
o ;
5 F e
7 157 % 2010
2 y =159
‘S 1.0 A
9 ©2012
E if x O -08121% 6.0.45%%0.628%
w 0.5 p=0.0818 R?=0.32
m2014
y=1.67

o
o

0 10 20 30 40 50
Soil Test P (mg kg)

60

poow
ol o
.

N
o

Ear leaf tissue P (g k§

o
3]

0.0

et

=
o
|

=
o
|

@2010
y=1.76

©2012
y=204

[2014
y=212

0 20 40 60 80 100 120 140 160
Soil Test Pifng kg?)

Ear leaf tissue P (g k§

[
3

[
3
|

N
=}
|

=
4
L

=
(=}
L

o
o

O”,»’@

yl
02010

©2012

(©

y =0.0448x 0.1248
p <0.0001, Rz =

0.65

y =0.0231x + 0.4240

p <0 0001, R2

071

2'0 4'0 60 80
Soil Test P (mg Kg)

lOO

Supplemental Figure S2 Effect of soil test P on ear leaf tissue P of corn in 2010, 2012, and 2014

cropping years at the Piedmont (a), Coastal Plain (b), and Tidewater (g¢etangrials in North

Carolina. Data points represent the mean treatment, and the bars represantitivd srror. The

critical sufficiency range for corn recommended for the Southern states of the U.$5i8 35
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Additional work not included in the above manuscript

In additionto the phosphorugdata presente@reviously potassium (K) data were also
collectedfrom the same threngterm trials during201Q 2012, and 2014 cropping years
determine the critical soil test value (CSTV) offét cornin the Piedmont, Coastal Plain, and
Tidewater regions of North Carolinelowever,no significant cornyield responsevas observed
across thesoil test K gradierstat any of the yearsevaluatedFor this reason, the dataset was

summarized and made available as a data publicatitve Ag Data Commons.

Published imlAg Data Commons

Filippi, D.1, Gatiboni, L1, Crozier, Ct, Osmond, I}, & Hardy, D2 (2024). Corn Response to
Potassium Rates during Three Cropping Years in North Cardign®ata Commons
https://doi.org/10.15482/USDA.ADC/25035980.v1

!Department of Crop and Soil Sciences, North Carolina State University, Raleigh, North
Carolina, USA

2Agronomic Services, North Carolina Department of Agriculture and Consumer Services,
Raleigh, North Carolina, USA
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CHAPTER 3: Correlation of soil test phosphorus and potassium for corn and soybean on

long-term trials in North Carolina

Abstract

The critical soil test value (CSTV) of phosphorus (P) and potassium (K) required to achieve
maximum crop Yyield varies with soil type, crop species, and environmental conditions. This study
determined P and K CSTVs by correlating Mehi&R and K with theelative yield of corn{ea
maysL.) and soybeanGlycine max(L.) Merr.] and the corresponding critical P and K tissue
concentrations (CPTC and CKTC) at the R1 growth stage. From 2022 to 2025, corn and soybean
were grown in longerm trials at Piedmont, dastal Plain, and Tidewater regions of North
Carolina. Phosphorus and K CSTVs varied by location but not by crop. The average P CSTV for
both crops was 50 mg kg at the Tidewater site, close to the current North Carolina
recommendation (54 mg kg. In contrast, the Coastal Plain and Piedmont sites had lower P
CSTVs of 29 and 14 mg kg approximately tweand fourfold below the state recommendation.
Crop response to K was less consistent; at the Piedmont site, the average K CSTV for both crops
was 88 mg §' ! aligning with the current recommendation (88 mé‘kgrhe leaf CPTCs were
2.7 and 3.1 g Kdl for corn and soybean, respectively, within sufficiency ranges for the Southern
United States, while CKTCs (12.5 and 11.0 g'kwere lower than the reference rangei @Gy
kg'1). These results underscore the need for continuous, sgémific correlations between soil

and plant tests to optimize P and K feralibnrecommendations

Introduction
Soil test correlation and calibration are crucial components for accurate fertilizer

recommendations. Soil test correlation establishes the relationship between the concentration of a
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nutrient extracted by a soil test and a measure of plant growth, such as crop yield, which is usually
expressed as relative yield (RY) (Corey, 1987; Dahnke & Olson, 1990). This approach provides
two key pieces of information for nutrient management: (i¢tivér soil test values are correlated
to yield response to increasing soil nutrient concentrations, and (ii) the CSTV, defined as the soil
test level below which a yield response to fertilizer is expected (Slaton et al., 2024). The CSTVs
are typically assoated with the soil test value required to achievél®0% of crop yield
potential; however, they might vary depending onrdfmmendedystem. A positive response
to fertilization is expected when crops are grown in soils with nutrient availability below CSTV.
In contrast, beyond that point, no further yield benefit is expected from additional nutrients, such
as P or K fertilization (Ma#irino & Blackmer, 1992; Drescher et al., 2021; Culman et al., 2023).
In other words, the soil test correlation does provide how much fertilizer should be applied;
rather, it indicates through the CSTV when fertilization should stop. In cases where soil test levels
are below CSTV, fertilier rates defined by soil test calibration is applied to increase the nutrient
levels to or above the CSTV, depending on the recommendation philosophy.

North Carolingoresenteane ofthe highest P fertilizer recommendations among Southern
U.S. states using the Mehliéhextractionmethod andvasalso among the leading states in the
highest K fertilizer recommendations (Zhang et al., 2021). Agricultural soils in the state often show
high Mehlich3 soil test P (STP), with average STP values in most counties exceeding the
recommended P CSTV of 54 nkg'! at a depth of0i 20 cm (Hardy et al., 2014; Miller et al.,
2024). Arecent survey of North Carolinafarserr eveal ed t hat, generally
to the P fertilizer rates that already include a buffer, aiming to avoid any possible risk of yield loss
due to a lack of fertility (Kile et al., 2025). In addition, Lima et al. (2025) analyzed soillsamp

from 57 counties acroske Tidewater, Coastal Plain, and Piedmont + Mountains physiographic
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regions in North Carolina reported that the Coastal Plain soils presented the highest-Blehlich
STPandexhibited the greatest degree of P saturation (29%), followed by Piedmont + Mountains
(24%), indicating a substantial risk of P contamination. In contrast, there is no evidence in the
literature that K fertilization has led to excessively high soil te¢6KK) levels or associated
agronomic or environmental issues. However, different clay mineralogy across the regions may
influence the crop response tddtilizer (Sparks et al., 1980). Together, these findings highlight
that a single stateide for CSTV P or K may have contributed to fertilization above the research
based CSTVs, even with ongoing efforts to revise recommendations to mitigate overapplying and
P accumulation in North Carolina soils (Gatiboni et al., 2021).

Soybean is the largesicreagerow crop grown in North Carolina, averaging 679,100
planted hectares from 2014 to 2023, followed by corn, with 370,700 planted hectares during the
same period (USDANASS, 202). Phosphorusand K are among the most important nutrients for
these crops due to their relative abundance in plant tissue and removal (Carciochi et al., 2015;
Salvagiotti et al., 2021). Current fertilizer recommendations in North Carolina apply the same P
or K CSTVs b both crops: 54 mg k§for P and 88 mg Kd for K at 020 cm depth (Hardy et al.,
2014). While corn and soybean may share similar CSTVs, values should kspenific as
nutrient requirements vary for each (Dodd & Mallarino, 2005). For K, the avadakdereported
for North Carolina are more limited than for P. Studies reported corn K CSTV ranging from 27 to
49 mg kg lin the Coastal Plain region and from 93 to 163 mig'kythe Piedmont region, with
values sometimes estimated across corn and soybean combined (Cox & Barnes, 2002; Morales et
al., 2023). Other studies have reported K CSTVs for soybean using Mé&hégtractant for
soybean ranging from 40 to 73 mg Kagt O 15 cm depth in Coastal Plain and Piedmont soils of

Virginia, North Carolina, antaryland (Parvej et al., 2018; Williams et al., 2018).

28



Studies in the Tidewater region reported P CSTVs ranging from 23 to 53 thg kg
(Mehlich-3) calculated with the linear plateau (LP) or the quadratic plateau at 95% of the
maximum model prediction (Q®5) models (Cox, 1992, 1996; Morales et al., 2023). More
recently, Morales et al. (2023) reported P CSTVs of 12 in the Piedmont regimm has soils
with higher Pbuffer capacity, and 67 mg ¥gin the Coastal Plain region, which has soils with
lower P diffusion and buffering capacity. In contrast, moreresite dataareavailable for corn.

The P CSTVs vary from 7 to 15 mg'k{fMehlich-1 P converted to MehlieB; Cox & Lins, 1984;
Kamprath, 1967; Morales et al., 2023). In Coastal Plain soils, P CSTVs were higher, ranging from
15 to 66 mg ki ¥(Gatiboni et al., 2021; Morales et al., 2023; Filippi et al., 2025).

The CSTVs are not static but vary considerably depending on weather and field conditions,
such as soil type (Gatiboni et al., 2021), sampling depth (Tiecher et al., 2023), crop species (Cox
& Barnes, 2002; Dodd & Mallarino, 2005; Culman et al, 2023), errttathematical model or
sufficiency interpretation level chosen to state the CSTV (Mallarino & Blackmer, 1992; Jordan
Meille et al., 2024; Slaton et al., 2024). To complement soil test correlation and CSTVs, plant
tissue concentration at a specific growthge may be correlated with yield to identify critical leaf
tissue concentration thresholds (Munson & Nelson, 1990). Recent studies have reported promising
estimates of leaf critical P tissue concentration (CPTC) and leaf critical K tissue concentration
(CKTC) for corn and soybean (Stammer & Mallarino, 2018; Roa et al., 2025). However, further
research is needed to clarify how CSTVs and tidmsed critical concentrations can be integrated
to refine fertilizer recommendations. Given that-siied cropspecific factors influence P and K
CSTVs across North Carolina, leaf critical tissue concentration may provide an additional
approach to evaluate whether CSTVs are adequate for the yield levels observed in the state.

Therefore, the objectives of this studgne to (i) determine the P and K CSTVs by correlating
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STP or STK with crop RYs; and (ii) determine the critical P and K tissue concentration at the R1
growth stage by correlating leaf P or K tissue concentration with crop RYs for corn and soybean

across three lontgrm trials in North Carolina.

Material s and Methods

Long-Term soil fertility trials description

Studies were conducted during 2022, 2023, 2024, and 2025 cropping years in three long
term trials located in the North Carolina Piedmont, Coastal Plain, and Tidewater physiographic
regions. The Piedmont site is located at the Piedmont Research Stati@n(®@ounty, Salisbury,
NC; 35.698832;80.619754). The triadtartedin 1985 on a 0.2Pectare area of Hiwassee sandy
clay loam soil (fine, kaolinitic, thermic, Rhodic Kanhapludults). The clay content in depih of O
10 cm is 310 g Kd, and it contains quar; kaolinite, gibbsite, and hematite minerals. The site is
managed under rtill conditions. The Coastal Plain site is located at the Peanut Belt Research
Station (Bertie County, Lewistewoodville, NC; 36.126891,77.180694). The trial started in
1982 inan area of 0.53 hectares situated on Goldsboro sandy loam soil (fine loamy, siliceous,
subactive, thermic Aquic Paleudults). The clay content in deptli2@ 6m is 90 g Kd, and it
contains quartz, kaolinite, and feldspar minerals. The site is manaded aomventional tillage
with raised beds. The Tidewater site is located at the Tidewater Research Station (Washington
County, Plymouth, NC; 35.86123876.658075). The trial started in 1955 on 2.2 hectares of
Portsmouth sandy loam soil (fil@amy over sady or sandyskeletal, mixed, semiactive, thermic
Typic Umbraquults). The clay content in depth 20 cm is 90 g Kd, and it contains quartz,

kaolinite, mica, and feldspar minerals. The site is managed under minimum tillage. Additional
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details about the trials, including trial diagrams, matagy, and soil particlesize analysis, are
provided inAppendices AE.

From April to October of 2022025 (excluding September and October of 2025, for which
data were not available), the typical growing season for corn and soybean, the average total
precipitation at the Piedmont Research Station was 666 mm, while the stitalated
evapotranspiration (Penmduonteith) was 730 mmHRjgure 3.1). During the same period, at the
Peanut Belt Research Station, the average total precipitation and estimated evaporation were 633
and 789 mm, respectively; while at the Tidewater Reséstation, the corresponding values were

719 and 838 mm.
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Figure 3.1 Yearly total precipitation, total estimated evapotranspiration (Peivhoareith), and
air temperature from 2022 to 2025 at the Piedmont, Peanut Belt, and Tidewater Research Stations,
NC, USA.
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