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1 | INTRODUCTION

| Michael Douglass' | Talon Becker’

Abstract

Consistent increases in soybean (Glycine max L.) grain yields over the past decades
in Illinois have co-increased P demand, but—as for many US Midwest states—P fer-
tilizer recommendations are outdated. We evaluated soybean grain yield, P uptake
and removal with grain harvest, and P use efficiency in 4 site-years of field trials
on Argiudolls-Endoaquolls and Fragiudalfs-Hapludalfs under annual P application
treatments of source (monoammonium phosphate [MAP], diammonium phosphate
[DAP], triple superphosphate [TSP]), rate (partial vs. full maintenance rate), and
timing—placement combination (fall and spring broadcast, spring banding). Substitut-
ing ammonium phosphate fertilizers, the most commonly used P fertilizers in the US
Midwest, with N-free TSP supported similar yields and resulted in similar P removal
as hypothesized, while avoiding co-applied N that can be subject to losses primarily
via leaching. Soybean yield and grain P removal were unresponsive to rate, timing,
and placement even at the partial rate, although banding and spring application may
have reduced N loss risk for MAP and DAP. Given the challenges in accurately esti-
mating P removal rate by grain harvest due to the variability in yield and grain P
concentrations across years, assessment of P use efficiency should focus on long-term

balance between fertilization (input) and crop removal (output).

P application with crop P need (Grant & Flaten, 2019). In
the United States, P fertilizer recommendations were devel-

Phosphorus (P) is an essential yet highly limiting nutrient for
crop production that requires management to minimize nega-
tive environmental impacts via off-field losses (e.g., Dhillon
et al., 2017; Singh et al., 2020). P use efficiency can be
increased by aligning the timing and amount of fertilizer

Abbreviations: APUE, apparent P use efficiency; APUE,,;, apparent P use
efficiency by balance; APUE;, apparent P use efficiency by difference;
DAP, diammonium phosphate; ICP-OES, inductively coupled
plasma-optical emission spectroscopy; MAP, monoammonium phosphate;
TSP, triple superphosphate.

oped by land-grant institutions in research efforts that peaked
decades ago, resulting in often outdated recommendations
(Lyons et al., 2023; Voss, 1998). The original P fertilizer
recommendations for Illinois crops, largely corn (Zea mays
L.) and soybean (Glycine max L.), have not been updated in
over half a century (Lyons et al., 2023; Voss, 1998). More-
over, soybean is considered a “residual feeder” of fertilizer
applied biennially at the start of the 2-year corn—soybean
rotation (Ferndndez & Hoeft, 2009). As a result, only 35%
of soybean acres in Illinois received P application in 2020
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(USDA NASS, 2021). Consistent increases in soybean yields
over the past six decades (2.5-fold cumulative) concomi-
tant with increased P removal rates (0.20 kg ha~!' year™!
from 1960 to 2022) (Schnitkey et al., 2022; USDA, 1960;
USDA NASS, 2023; Villamil et al., 2019) additionally neces-
sitate explicit evaluation of annual P fertilization management
practices for soybean (Buah et al., 2000).

Soybean requires relatively high P inputs to replace P
removed with harvest due to high grain P concentration
(Ciampitti & Salvagiotti, 2018; Villamil et al., 2019). Located
in the heart of the US Midwest, one of the most produc-
tive agricultural regions globally, Illinois accounts for 15% of
national soybean production and approximately 5% of global
production (USDA FAS, 2024; USDA NASS, 2023). Soy-
bean accounts for nearly half of cropped acreage of Illinois
and the greater US Midwest (Schnitkey et al., 2020; USDA
NASS, 2019). Mean Illinois soybean yields of 4.38 Mg ha~!
in 2021—60% higher than the global average (Schnitkey et al.,
2022; USDA FAS, 2024)—entails high P demand per area
basis. In the regionally dominant corn—soybean rotation, soy-
bean is estimated to account for more than one-third of P
removal on average, despite only accounting for approxi-
mately 20% of grain biomass, due to higher P content of
soybean grain (Schnitkey et al., 2022; Villamil et al., 2019).

Nutrient management can be improved by optimizing the
source, rate, timing, and place, often referred to as the 4Rs
(“right”) of nutrient stewardship (Grant & Flaten, 2019;
Singh et al., 2020). Monoammonium phosphate (MAP) and
diammonium phosphate (DAP) account for approximately
66% of P fertilizers purchased in the United States (USDA
ERS, 2019) and 78% in Illinois (IL DoA, 2021). Though
applied as a P source, MAP and DAP are 11% and 18%
nitrogen (N) by mass, which is an overlooked source of N
loss to the environment (Decock, 2014; Margenot & Lee,
2023). In contrast, triple superphosphate (TSP) is an N-free
P alternative, and was once the dominant P fertilizer in the
United States (Havlin et al., 2013; USDA ERS, 2019) and Illi-
nois (Bauer et al., 1945; DeTurk, 1942), with similar content
(19%-23%) and plant availability (>90%) of P as MAP and
DAP (Havlin et al., 2013). Substituting MAP and DAP with
N-free TSP thus stands to mitigate loss of co-applied N while
maintaining soybean productivity. Given the recent volatil-
ity in P fertilizer price (Brownlie et al., 2023) and potential
shifts in the dominant P fertilizers on the market as occurred
for ammonium phosphates replacing superphosphates around
1970s in the United States (Havlin et al., 2013; USDA ERS,
2019), evaluation of different P fertilizer sources for soy-
bean production can provide farmers with fertilization options
while enabling greater nutrient-specific management (e.g., N
vs. P variable rate applications) and avoid losses of co-added
N.

Updated recommendations on P fertilization rates, the sec-
ond component of the 4Rs, are important to maintain yields
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Core Ideas

* Substituting monoammonium phosphate and
diammonium phosphate with triple superphos-
phate eliminated co-applied nitrogen susceptible
to loss without compromising yield.

* Phosphorus (P) rate and timing—placement did not
influence soybean yield or P removal in high P
soils.

* Apparent P use efficiency of soybean was generally
higher with lower P fertilization rate.

* P use efficiency should be evaluated at multi-
season timescales and account for soil residual
P.

and minimize off-field losses of applied P. However, out-
dated recommendations on P fertilization rates (Lyons et al.,
2023) are unlikely to reflect contemporary crop production
conditions and priorities. The basis for P fertilizer recommen-
dations were established when P fertilizer cost relative to crop
value was low and water quality was a low priority, favoring
the application of P in excess of crop removal rates to min-
imize yield and profit loss risks (Smith et al., 2018; USDA
ERS, 2019). Recommendations for P fertilization rate in the
US Midwest are based on soil test P, in which P fertilizer is
applied to maintain soil test P (Bray-1 or Mehlich-3 by col-
orimetry) concentration above a critical value (e.g., 20-25 mg
P kg~! varying by region of Illinois). Above the critical value,
P fertilizer is applied to replace P removed with grain harvest
(Fernandez et al., 2012; Lyons et al., 2023). In Illinois, a 65%
increase in Bray-1 P concentrations in soils over the past four
decades (Fernandez & Hoeft, 2009; Fernandez et al., 2012;
Walker et al., 1968, 1969, 1970) suggests accumulation of P
applied beyond crop removal rates over the past decades, con-
sistent with independent estimates of statewide soil residual P
accumulated during 1945-1998 (David & Gentry, 2000), and
indicates the need to validate, and potentially update, Illinois
P fertilization recommendations.

Even with application of P fertilizer at an optimum rate,
crop availability can vary by the timing and placement of
fertilization. Availability of applied P can be reduced by
precipitation with and/or sorption to aluminum, iron, and cal-
cium, and fixation by clay minerals (Dhillon et al., 2017;
Lindsay et al., 1989). Fall broadcast application in the US
Midwest is common because of logistical convenience and
lower risk of soil compaction as a result of generally drier
soil conditions compared to spring (Fernandez et al., 2010).
However, fall application can risk loss and fixation of applied
P before crop uptake. In contrast, spring application either
as broadcast or banding minimizes the duration in which
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P fertilizer is in contact with soil before crop uptake. Given the
limited mobility of P in soils, banding offers an advantage of
potentially increasing P availability for crop uptake, and thus
P use efficiency, by spatially concentrating P closer to the root
zone (Farmaha et al., 2011). Whether spring banding applica-
tion enables lowering of P fertilization rates merits evaluation
to test hypothesized advantages under different management
practices (e.g., P fertilizer source).

This study comprehensively evaluated the 4Rs of soybean
P management to help verify and update the current agro-
nomic recommendations in Illinois. We evaluated soybean
grain yield, P uptake and removal, and P use efficiency in field
trials (4 site-years) at two sites representing two dominant soil
types of Illinois and the greater US Midwest (Mollisols and
Alfisols) following the current recommendations with treat-
ments varying in source (MAP, DAP, and TSP), rate (partial
vs. full maintenance rate), and timing and placement combi-
nations (fall and spring broadcast and spring banding). We
also evaluated N uptake and removal to test whether the addi-
tional N from MAP and DAP contributes to soybean N uptake.
Soil Mehlich-3 P concentrations before and after the soy-
bean growing season were additionally evaluated to test the
degree to which P management practices influence short-
term soil test P values. We hypothesized that grain yield, P
uptake and removal, and P use efficiency are similar among
the three sources of P fertilizer given the comparable sol-
ubility and soybean’s ability to biologically fix N. We also
hypothesized banding and spring application to increase P
uptake, removal, and use efficiency compared to fall broadcast
application.

2 | MATERIALS AND METHODS

2.1 | Site description

Two sites were selected to furnish the two representative soil
types of Illinois, Mollisols and Alfisols, with the current dis-
tribution due to the difference in the glaciation history. The
first study site was located in Urbana, IL (40°04'57.1" N,
88°13’37.9” W), managed by the Crop Science Research and
Education Center, University of Illinois Urbana-Champaign
Extension. Within the 0.8-ha experimental area, soil type
was mapped as two similar soil series with slightly dif-
ferent drainage: fine-silty, mixed, superactive, mesic Aquic
Argiudolls (Elburn series) in the north side (57%) and fine-
silty, mixed, superactive, mesic Typic Endoaquolls (Drummer
series) in the south side (43%) (Soil Survey Staff, 2019).
Historical (2000-2022) mean annual temperature and precip-
itation at the site were 11.4°C and 1046 mm, respectively
(NWS, 2023). The field was in the corn phase of a corn—
soybean rotation in the cropping season prior to the trial
setup.
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The second study site was located in Ewing, IL
(38°05’36.7" N, 88°50'42.9” W), at the Ewing Demon-
stration Center, University of Illinois Urbana-Champaign
Extension. Within the 0.8-ha experimental area, soil type
was mapped as two distinct soil series differing in drainage
and whether a fragipan is present: fine-silty, mixed, active,
mesic Oxyaquic Fragiudalfs (Ava series) in the southeast
area (58%) and fine-silty, mixed, superactive, mesic Aquic
Hapludalfs (Blair series) at the northeast edge (42%) (Soil
Survey Staff, 2019). Historical (2000-2022) mean annual
temperature and precipitation at the site were 13.7°C and
1216 mm, respectively (NWS, 2023). The north side of the
field was under corn and the south side of the field was under
soybean in the cropping season prior to the experiment.

2.2 | Field experimental design

Two-year field trials were conducted at each site with the
randomized complete block design to test the effects of P
fertilizer source, rate, placement, and application timing on
soybean yield, nutrient uptake, and removal. Each of the
0.8-ha experimental areas was subdivided into five blocks
from south to north to help account for the spatial variation
in soil type, soil Mehlich-3 P concentrations, and cropping
history (Ewing only). Eighteen treatments consisting of the
combinations of three fertilizers (MAP, DAP, and TSP), two
rates (partial vs. full maintenance rate), and three timing—
placement combinations (fall broadcast, spring broadcast, and
spring banding) were randomized, along with one control plot
without P fertilization, within each block. Each treatment plot
was 79.9 m? as 6.1 m by 13.1 m. P fertilizers were applied on
a maintenance rate basis because baseline soil sampling indi-
cated the mean and median Mehlich-3 P value by colorimetry
of each field to be higher than the critical P threshold of
20-25 mg kg~! (Ferndndez & Hoeft, 2009). Assuming a P
removal rate of 5.46 kg P Mg~! soybean grain (Villamil et al.,
2019) and target yields of 5.38 and 4.03 Mg ha~!, based on
discussions with local agronomists, maintenance P applica-
tion rates, hereafter referred to as full rates, were estimated
to be 29.4 kg P ha™! and 22.0 kg P ha~! for Urbana and
Ewing sites, respectively. Partial rates, designated as 75%
of the recommended maintenance rates, of 22.0 kg P ha~!
for Urbana and 16.5 kg P ha™! for Ewing were additionally
evaluated. For the banding treatment, fertilizers were placed
at approximately 5.1 cm below and to the side of soybean
seeds. The field trials were initiated in fall 2020 and con-
cluded in fall 2022 after 2 years of consecutive cropping of
soybean. Treatments were randomized at the beginning of the
field trials and the same experimental units (i.e., plots) were
used for 2 years. Soybean was planted with 76.2 cm spac-
ing, resulting in eight rows of soybean per plot. At Urbana,
the soybean variety P31T44E (MG 3.1) was planted at
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approximately 356,000 seeds ha~! in 2021 and P24T35E-
SA26 (MG 2.4) was planted at 346,000 seeds ha™! in 2022.
At Ewing, the soybean variety AG33XF1/AG33XF2 (MG
3.3) was planted at approximately 494,000 seeds ha~' in
2021 and P37T33E (MG 3.7) was planted at 353,000 seeds
ha~! in 2022. Tillage was performed after harvest of corn in
the cropping season prior to the trial setup (disc-chisel) and
before planting of soybean in 2021 (cultivator finishing tool)
at Urbana, but not at Ewing in order to reflect regional prac-
tices. After the planting of soybean in 2021, no tillage was
performed throughout the 2-year trials at both sites. Potas-
sium (K) was pre-plant applied as potash (140 kg K ha™! in
2021 and 84 kg K ha~! in 2022) at Ewing. Weed and pest
control was performed following regional practices. Detailed
timelines of the field trials are described in Table S1.

2.3 | Crop aboveground biomass sampling
and analyses

To estimate total uptake of nutrients, soybean aboveground
biomass was sampled at approximately the beginning of mat-
uration phase (R6-7 growth stages). In each plot, a 1-m ruler
was aligned with a row (fourth row in from the south end
of each plot) and soybean plants within the marked 1-m
length were clipped at the base of their stem. Sampled above-
ground biomass from each plot was placed into a mesh bag
and oven-dried to constant mass at 60°C for approximately
1 week. After drying, the mesh bag containing aboveground
biomass was weighed, and the mass of the corresponding
mesh bag was subsequently subtracted to obtain aboveground
dry biomass from each plot. Aboveground dry biomass was
divided by the area of sampling (1 m by 0.762 m, row spacing)
and then expressed as Mg ha~!. The aboveground biomass
samples were ground with a cutting mill (Retsch SM2000) to
pass through a 0.50-mm screen and mixed in a bucket to obtain
representative subsample. Subsamples of the ground samples
were used to determine total N concentration with an elemen-
tal dry combustion analyzer (Bremner & Tabatabai, 1971)
and total P concentration with inductively coupled plasma-
optical emission spectroscopy (ICP-OES) after microwave
digestion with nitric acid and hydrogen peroxide (Gavlak
et al., 2003; Miller et al., 2013). Total crop uptake of each
nutrient was calculated by multiplying the nutrient concen-
tration by aboveground dry biomass, and expressed as kg
ha=!.

2.4 | Crop yield measurement and grain
sampling and analyses

After full maturity of soybean plants, soybean grain yield
from each plot was estimated by harvesting grains from two
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rows (fifth and sixth at Urbana and sixth and seventh at Ewing
from the plot’s south end) from each plot with a combine.
The remaining rows of each plot were subsequently harvested
with a combine, and residues from harvest, including those
from the two rows, were left in the experimental areas with-
out incorporation. Weight of the harvested grains was adjusted
to 13% moisture content and divided by the area harvested to
obtain yield as Mg ha~!. Grains were ground and analyzed
for total nutrient concentrations as described above for above-
ground biomass. Total removal of P and N was calculated by
multiplying the nutrient concentration by yield and expressed
as kg ha™!.

2.5 | P use efficiency

Apparent P use efficiency (APUE) of aboveground biomass
and grain for each treatment plot that received P fertilization
was estimated using two calculation methods. First, appar-
ent aboveground biomass P use was estimated by individually
subtracting P uptake of unfertilized control plot from that
of treatment plots within the same block; then, the obtained
apparent P use was divided by the amount of P applied to the
corresponding treatment plot to yield aboveground biomass
APUE (referred to as biomass APUE s, where APUE ;4 is
the apparent P use efficiency by difference), expressed as
% (Syers et al., 2008). Additionally, biomass APUE by bal-
ance (referred to as biomass APUEy,;, where APUE,; is the
apparent P use efficiency by balance) was calculated for each
treatment plot by dividing P uptake by the amount of P fer-
tilizer applied to the corresponding plot (Dhillon et al., 2017;
Johnston & Syers, 2009). Grain APUE ;s and APUE,;; were
calculated as described above for aboveground biomass but
using grain P removal instead of P uptake.

2.6 | Soil sampling and analysis

Soils were sampled before planting and after grain harvest for
both years to evaluate effects of P fertilizer source, rate, and
timing—placement on soil Mehlich-3 P concentrations (Table
S1). At each sampling event, three soil samples at the depth
of 0—15 cm were collected using a push probe from each plot
and composited into sealed plastic bags. Soil samples were
then air-dried and ground to pass through a 2-mm sieve. Air-
dried samples were extracted with Mehlich-3 solution and P
concentration in the extract was determined using ICP-OES
(Mehlich, 1984). To determine the P application rate for the
treatments in the current study, a separate baseline sampling
was conducted at 0-15 cm and soil Mehlich-3 P was deter-
mined with the molybdate colorimetry method (Murphy &
Riley, 1962; Pierzynski, 2000). The same soil samples were
additionally analyzed for Mehlich-3 P with ICP-OES on a
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separately extracted soil subsample to compare Mehlich-3 P
values measured by current commercial soil testing lab prac-
tice with those measured by traditional colorimetry, on which
soil test P recommendations in Illinois are based. Mehlich-3 P
concentration of soil sampled before planting from a plot was
subtracted from Mehlich-3 P concentration of soil sampled
after grain harvest in the second year from the corresponding
plot to evaluate the change in soil test P value after the two
growing seasons.

2.7 | Statistical analysis

Effects of fertilizer sources (MAP, DAP, and TSP), rates
(partial vs. full maintenance rate), and timing—placement
combinations (fall broadcast, spring broadcast, and spring
banding) were tested for each variable by analysis of variance
(ANOVA) with linear mixed-effects model using functions
in Ime4 and ImerTest packages in R (Bates et al., 2015;
Kuznetsova et al., 2017). Fertilizer source, rate, and timing—
placement were treated as fixed effects. Block was treated as a
mixed effect to expand the inference outside of the five blocks
involved in the current study (Pincus et al., 2016). Assump-
tions of normality and homoscedasticity were tested by
visual inspection, and transformations, informed by boxcox()
function in MASS package (Venables & Ripley, 2002), were
performed when necessary (Table S2; Table S3). When one
or more fixed effects were statistically significant (p < 0.05),
post hoc Tukey honest significant difference test was per-
formed to test whether mean differences between the groups
of interest are statistically significant (e.g., compare means
of partial vs. full maintenance rate, if rate was significant in
ANOVA analysis). Unfertilized controls were excluded from
ANOVA. To evaluate response of soybean and soil Mehlich-3
P concentrations to P fertilization, one-way ANOVA includ-
ing the unfertilized control was separately performed, and
mean differences between the unfertilized control and each
fertilization treatment were tested with the post hoc Dunnett’s
test using a function in DescTools package (Signorell et al.,
2020). For change in soil Mehlich-3 P concentrations over the
two growing seasons, we performed one-sample Student’s
t-test to evaluate which of the P fertilization treatment
combinations resulted in mean change in Mehlich-3 P
concentrations significantly different from zero. The relation-
ship between Mehlich-3 P concentrations determined with
colorimetry and ICP-OES was evaluated using a line of best
fit with an intercept set as zero (S. Culman et al., 2019; S.
W. Culman, Mann et al., 2020). The relationship was tested
using (i) all observations and (ii) observations with Mehlich-
3 P concentrations by colorimetry >50 mg kg~' excluded
according to S. W. Culman, Mann et al. (2020). The line of
best fit was evaluated for both Urbana and Ewing separately
and combined to test potential differences in the relationship
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between the two sites. Additionally, linear regression between
Mehlich-3 P concentrations by colorimetry and ICP-OES,
including interaction with site variable (Urbana vs. Ewing),
was performed to confirm that the grouping of the observa-
tions by site was supported by the data. All statistical analyses
were conducted using R software version 4.0.0 in Rstudio
version 2022.07.1 (R Core Team, 2020; RStudio Team,
2022). Figures were made with ggplot2 (Wickham, 2016).

3 | RESULTS

3.1 | Aboveground biomass and crop P and
N uptake

At both sites in the first year of the trials, aboveground
(dry) biomass was similar among source, rate, and timing—
placement (Table 1; Figure S1). In the second year, above-
ground biomass at Ewing was similar among source, rate, and
timing—placement. However, aboveground biomass at Urbana
was 4.5% higher under full than partial rate (p = 0.038). Crop
P (Figure S2) and N uptake (Figure S3) were similar across
source, rate, and timing—placement at both sites across the 2
years except at Urbana in the first year, where crop N uptake
was 11.9% lower under spring banding than fall broadcast
(p = 0.045). When each P fertilization treatment was indi-
vidually compared to the unfertilized control (i.e., Dunnett’s
test), aboveground biomass as well as crop P and N uptake
were similar across P fertilization treatments at Urbana, but
increased inconsistently for several P fertilization treatments
at Ewing (Table S4). For fall-broadcast application, above-
ground biomass increased in the first year under DAP (56.2%;
p =0.021) and TSP (55.9%; p = 0.022) at full rate and MAP
at partial rate (52.9%; p = 0.035). Aboveground biomass also
increased in the first year with spring banding of DAP (59.2%;
p =0.013) and TSP (59.0%; p = 0.013) at full rate and MAP
(54.5%; p=10.027) and TSP (58.3%; p = 0.015) at partial rate.
Relative to the unfertilized control, crop P uptake increased
under MAP fall-broadcasted at partial rate (63.5%; p = 0.006)
in the second year, and N uptake increased under TSP
fall-broadcasted at full rate (68.5%; p = 0.013) in the first year.

3.2 | Soybean grain yield and P and N
removal

At both sites over the 2 years, average soybean grain yields
(Figure S4) as well as P (Figure S5) and N removal (Figure
S6) were similar among source, rate, and timing—placement
(Table 1). When each P fertilization treatment was individu-
ally compared to the unfertilized control (i.e., Dunnett’s test),
yield did not increase with any of the P fertilization treat-
ment at Urbana but increased with fall broadcast application at
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Effect of P fertilizer source (MAP, monoammonium phosphate; DAP, diammonium phosphate; and TSP, triple superphosphate), rate

(full and partial maintenance rate), and timing—placement (fall broadcast, spring broadcast, and spring banding) on soybean grain (yield and P and N

removal) and aboveground biomass (dry weight and P and N uptake) over the 2 years in central (Urbana) and southern (Ewing) Illinois.

Site
Urbana

Ewing

RIGHTS

Measurement
Yield (Mg ha™!)

P removal (kg ha™!)

N removal (kg ha™!)

Biomass (Mg ha™!)

P uptake (kg ha™')

N uptake (kg ha™!)

Yield (Mg ha™')

P removal (kg ha™!)

N removal (kg ha™!)

Biomass (Mg ha™!)

P uptake (kg ha™!)

L

Year
2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

2022

2021

Value
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE
Mean
SE

Mean

Source Rate Timing-placement
Fall Spring Spring
DAP MAP TSP Full Partial broadcast broadcast banding
4.31 4.29 4.30 431 4.29 4.36 4.26 4.30
0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04
4.59 4.49 4.57 4.58 4.52 4.56 4.61 4438
0.08 0.06 0.07 0.06 0.05 0.06 0.08 0.07
229 23.1 23.0 232 22.8 23.1 23.1 22.8
0.4 0.4 0.4 0.3 0.3 0.3 04 0.5
224 21.8 22.3 224 21.9 222 22.6 21.7
0.4 0.4 0.4 0.3 0.3 0.3 04 0.4
273.1 274.1 271.8 2727 2733 2740 270.7 274.2
4.5 34 4.0 3.1 33 3.5 4.3 4.0
2388 2356  240.1 2403 2359  239.1 240.2 235.1
4.2 3.1 3.6 3.0 2.9 33 4.0 3.7
8.53 8.37 8.56 8.41 8.56 8.60 8.64 8.22
0.18 0.15 0.16 0.14 0.13 0.15 0.16 0.18
7.83 7.88 7.74 799a  7.64b  7.83 7.66 7.95
0.14 0.14 0.15 0.10 0.12 0.14 0.12 0.16
27.5 26.4 27.3 26.0 28.1 275 28.1 255
0.9 0.9 1.2 0.8 0.7 1.0 1.1 0.9
20.3 19.7 19.4 19.9 19.7 20.0 19.4 20.0
0.6 0.6 0.6 0.4 0.5 0.6 0.4 0.7
2857  282.1 280.4 2739  291.6  297.6a 288.4ab 262.2b
8.7 10.0 11.8 9.0 7.4 11.5 9.0 9.0
240.8  237.0  230.1 2394 2326 2424 231.9 233.7
7.9 59 6.5 5.0 6.0 72 44 8.2
3.33 3.43 3.32 3.29 3.43 3.38 3.32 3.37
0.09 0.09 0.09 0.08 0.07 0.08 0.08 0.11
3.27 3.35 3.32 3.25 3.37 3.34 3.34 3.26
0.08 0.06 0.06 0.07 0.04 0.07 0.06 0.08
17.5 18.1 17.5 17.3 18.1 18.1 174 17.6
0.6 0.5 0.6 0.5 0.5 0.5 0.5 0.7
18.0 17.6 17.9 17.5 18.2 18.3 17.9 17.3
0.6 0.4 0.5 0.4 0.4 0.5 0.5 0.5
194.4 197.4 192.3 190.6 198.8 192.6 193.3 198.1
5.8 5.1 5.4 4.7 4.0 4.9 4.7 6.5
184.7 188.9 187.1 183.6 190.2 187.9 188.4 184.4
4.7 3.7 3.7 3.8 2.6 3.8 3.8 4.5
6.28 6.17 6.43 6.28 6.31 6.31 6.02 6.56
0.22 0.21 0.19 0.18 0.16 0.20 0.20 0.22
6.74 6.86 6.57 6.53 6.92 6.81 6.66 6.71
0.19 0.23 0.18 0.15 0.17 0.21 0.20 0.20
20.6 21.5 23.1 21.7 21.8 22.3 20.9 21.9
(Continues)
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TABLE 1 (Continued)
Source Rate Timing-placement
Fall Spring Spring
Site Measurement Year Value DAP MAP TSP Full Partial broadcast broadcast banding

SE 1.0 0.8 1.0 0.8 0.7 0.9 0.9 1.0

2022 Mean 18.3 19.3 18.7 18.0 19.6 19.3 18.7 18.4

SE 0.7 0.7 0.8 0.6 0.6 0.8 0.7 0.7

N uptake (kg ha™!) 2021 Mean 2329 2395 260.0 2456 2428 2452 229.7 257.5

SE 11.7 8.6 10.8 8.8 8.5 10.4 10.7 10.3

2022 Mean  235.1 248.4 2434 2347 2499  249.1 234.9 2429

SE 9.2 8.5 9.6 7.0 7.7 10.1 7.6 9.3

Note: Any significant mean differences (p < 0.05) detected within source, rate, or timing—placement by post hoc Tukey honestly significant differences test following

three-way ANOVA within a site-year are indicated by different lowercase letters (a and b).

Abbreviations: ANOVA, analysis of variance; SE, standard error of the mean.

partial rate of TSP by 34.3% (p = 0.045) in the first year
at Ewing (Table 2). Grain P and N removal similarly did
not increase relative to the unfertilized control under any
P fertilization treatment at Urbana but increased for several
treatments at Ewing. At Ewing, fall-broadcasted MAP and
TSP at partial rate increased grain P removal in the first year
by 46.3% (p = 0.043) and 47.8% (p = 0.031), respectively. In
the second year, grain P removal increased for nearly half of
the P fertilization treatments. For fall-broadcast application,
grain P removal increased with DAP at full (49.2%; p =0.010)
and partial (52.3%; p = 0.006) rate and with MAP (41.4%;
p =0.049) and TSP (49.2%; p = 0.010) only at partial rate. For
spring application, grain P removal increased with banding of
DAP at partial rate (43.8%; p = 0.032) and broadcast of MAP
at full rate (47.7%; p = 0.015) and TSP (50.0%; p = 0.008) at
partial rate. For grain N removal, an increase relative to the
unfertilized control at Ewing was only detected under spring
broadcast of TSP at partial rate in the second year (26.1%;
p = 0.048).

3.3 | Grain and biomass APUE by difference
and balance

Grain APUE;; (Figure S7) and APUE,,, (Figure S8) were
both primarily influenced by P fertilization rate, except grain
APUE 4 at Urbana (Table 3). At Urbana, grain APUE;;
was similar across source, rate, and timing—placement in
both years. Average grain APUE g, by treatment varied from
—3.12% to 6.78% in the first year and 0.18% to 12.20%
in the second year. At Ewing, grain APUE g was higher
under partial rate than full rate by 10.6% in the first year
(»p =0.002) and by 11.5% in the second year (p =0.001). Aver-
age grain APUE ;; ranged 13.3%-38.7% in the first year and
18.4%—40.6% in the second year across the treatments.

RIGHTS L1 N Hig

Grain APUE,,,; was consistently higher with partial P fertil-
ization rate compared to the full fertilization rate. At Urbana,
average grain APUE,,; was higher under partial rate by 24.5%
in the first year (p < 0.001) and by 23.6% in the second year
(p < 0.001). Average grain APUE,;; ranged 75.8%—108.1%
in the first year and 72.4%-103.6% in the second year across
treatments. At Ewing, grain APUE,,; was higher under par-
tial rate by 31.0% in the first year (p < 0.001) and by 30.8%
in the second year (p < 0.001). Grain APUE,,; by treatment
ranged 74.4%—120.1% in the first year and 76.4%-117.9% in
the second year.

Similar to grain, biomass APUEu (Figure S9) and
APUE,,; (Figure S10) were predominantly influenced by the
rate of P fertilization over the 2 years at both sites (Table 3).
At Urbana, biomass APUE y;;; was similar across source, rate,
and timing—placement in both years. Biomass APUE ;s aver-
aged by treatment varied from —5.1% to 29.8% in the first year
and —6.6% to 11.0% in the second year across the treatments.
At Ewing, partial rate fertilization resulted in twofold higher
biomass APUE ;s (p = 0.016) than the full rate, only in the
second year. Average biomass APUE g ranged 15.0%-52.9%
in the first year and 7.9%-57.3% in the second year across the
treatments.

As observed for grain APUE,,;, biomass APUE,,, was con-
sistently higher with partial rate (p < 0.001). At Urbana,
average biomass APUE,,; was as high as 127.6% and 89.5%
under partial rate compared to 88.5% and 67.7% under full
rate in the first and second year, respectively. Average biomass
APUE,; ranged 78.6%—141.6% in the first year and 63.9%—
100.3% in the second year across the treatments. At Ewing,
average biomass APUE,, was higher under partial rate by
33.4% in the first year and by 37.1% in the second year com-
pared to the full rate. Average biomass APUE, ,; by treatment
ranged 85.6%—147.0% in the first year and 75.0%—146.8% in
the second year.
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(Continued)

TABLE 2

RIGHTS

N removal (kg ha=!)

2021

P removal (kg ha™!)

2021

Yield (Mg ha~!)

2021

2022

2022
Mean
18.9*

17.6

2022

SE

Mean
197.8

SE

Mean
205.0

SE
0.7

SE

Mean
18.7

SE

0.12
0.18
0.21
0.08
0.38
0.08
0.15
0.14
0.16
0.18

Mean
3.48
332
3.28
3.56
3.12
3.33
3.28
3.33
332
3.17

SE

0.14
0.19
0.14
0.21
0.37
0.19
0.36
0.25
0.29
0.19

Rate Mean
3.57

Full

Source
MAP

Timing—placement

Site

7.2
9.9
12.0

3.8
10.4

1.2
1.3
1.1
1.3
1.5
1.5

23

Ay

186.2
183.3

200.9

1.6
1.3

1.4

2.3

17.8

3.47
3.14
3.24
3.40
3.55

Partial
Full

10.3

185.4
188.9
206.7

17.2

16.4

TSP

4.5

202.9%
175.8
189.7

15.6

19.2%*
16.8

17.4

Partial
Full

21.5

22.8

17.9

DAP

Spring banding

4.2

11.2

0.4 204.8

18.4%*
17.1

18.1

Partial
Full

9.3

187.6
188.5
187.8
176.7

197.1 24.0

1.0
0.8

17.4

3.34
3.37

3.

MAP

8.8

12.9

195.6
185.9
198.7

17.1

1.6
1.9
1.9

17.9

Partial
Full

9.9

16.2

1.2
1.7

17.2

16.4

18

TSP

10.3

10.6

17.5

17.7

1

3.4

Partial

Note: Any significant mean differences relative to unfertilized control within a site-year detected by Dunnett’s test are indicated by asterisk (*p < 0.05; **p < 0.01).

Abbreviation: SE, standard error of the mean.

3.4 | Soil Mehlich-3 P concentrations
Mehlich-3 P concentrations at 0-15 cm soil depth was sim-
ilar across source, rate, and timing—placement at both sites
over 2 years except in the second year at Urbana (Table 4).
Soil Mehlich-3 P concentrations were 34.2% higher under
fall broadcast compared to spring banding (p = 0.016) at
Urbana in the second year. Average changes in soil Mehlich-
3 P concentrations at 0—15 cm over the two growing seasons
(fall 2022—fall 2020), which were generally negative (Table
S5), were also similar across P fertilization source, rate, and
timing—placement at both sites. The exception was spring
banding, which led to more negative changes in Mehlich-3 P
compared to fall and spring broadcast application (p = 0.004
and 0.032) at Urbana. When each P fertilization treatment
was individually compared to the unfertilized control (i.e.,
Dunnett’s test), Mehlich-3 P concentrations at 0-15 cm in
both years and change in concentrations over the two growing
seasons were similar among P fertilization treatments.

Soil Mehlich-3 P concentrations quantified by ICP-OES
were generally higher than by colorimetry, with slope, for both
sites combined, of 1.07 (R? = 0.93) including all observa-
tions and 1.19 (R? = 0.94) after excluding observations with
Mehlich-3 P (colorimetric) >50 mg kg~!. Higher Mehlich-
3 P values measured by ICP-OES was more pronounced
at Urbana with slope of 1.10 (R* = 0.93) for all observa-
tions and 1.35 (R> = 0.92) for <50 mg kg~! than at Ewing
with slope of 1.01 (R? = 0.96) for all observations and 1.08
(R*> = 0.99) for <50 mg kg~!. Grouping of observations
by site (Urbana vs. Ewing) was supported by the signifi-
cant interaction (p < 0.001) between the slope of Mehlich-3
P by colorimetry versus ICP-OES and site, especially for
observations <50 mg kg!.

4 | DISCUSSION

4.1 |
4Rs

Response of soybean to P fertilization

Substituting MAP and DAP with TSP supported similar soy-
bean grain yields as hypothesized. As expected, no yield
benefit of co-applied N via ammonium phosphates was
detected, reflecting the general lack of need of N fertilization
for soybean (Nafziger, 2014). Modern soybean varieties are
estimated to obtain approximately 45% of N needs via bio-
logical fixation on average in lowa (Cérdova et al., 2019) and
55% on average across temperate agroecosystems (Ciampitti
& Salvagiotti, 2018), but ranging 0%—94%, with the remain-
der supplied by soil (Mourtzinis et al., 2018; Salvagiotti et al.,
2008). Furthermore, N co-applied as MAP and DAP ranged
4%-11% of total aboveground N uptake across the two sites.
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TABLE 3

Effect of P fertilizer source (MAP, monoammonium phosphate; DAP, diammonium phosphate; and TSP, triple superphosphate), rate

(full and partial maintenance rate), and timing—placement (fall broadcast, spring broadcast, and spring banding) on soybean grain and biomass

apparent P use efficiency by difference (APUE ;) and apparent P use efficiency by balance (APUE, ) over the 2 years in central (Urbana) and

southern (Ewing) Illinois.

Source Rate Timing—placement
Fall Spring Spring
Site Measurement Year Value DAP MAP TSP Full Partial broadcast broadcast banding
Urbana Biomass APUEy (%) 2021 Mean 11.78 712 11.74 475 15.67  12.48 14.37 3.79
SE 4.92 5.32 385 331 4.18 4.70 5.12 4.16
2022 Mean 286 —0.09 -1.13 0.89 0.21 1.12 -1.26 1.78
SE 2.56 3.34 335 198 2.99 3.11 221 3.82
Biomass APUE,, (%) 2021 Mean 109.6 1049 109.5 88.5b  127.6a 110.3 112.2 101.6
SE 5.0 4.7 6.0 2.8 34 5.5 5.3 4.8
2022  Mean 80.9 78.0 769  67.7b 89.5a  79.2 76.8 79.8
SE 34 29 29 14 2.3 3.0 2.1 4.0
Grain APUE g+ (%) 2021 Mean 1.86 3.00 256 3.01 1.94 3.20 2.60 1.63
SE 1.50 1.31 159 1.14 1.24 1.02 1.52 1.76
2022 Mean 8.95 6.30 883 172 8.33 8.51 9.55 6.02
SE 1.62 1.50 132 1.00 1.41 1.30 1.67 1.44
Grain APUE,,, (%) 2021 Mean 90.7 91.9 914 79.1b  103.6a  92.1 91.5 90.5
SE 2.6 2.8 2.8 1.2 1.3 29 2.6 2.7
2022 Mean 88.9 86.2 88.7  76.1b 99.7a  88.4 89.5 85.9
SE 2.7 23 3.0 1.1 1.4 2.8 2.6 2.6
Ewing Biomass APUE ; (%) 2021 Mean 26.3 322 40.1 279 37.8 35.6 29.1 33.9
SE 6.7 6.1 7.5 4.6 6.3 5.8 7.1 7.5
2022 Mean 19.7 25.2 20.8  14.6b 29.2a 255 21.5 18.7
SE 6.2 54 4.4 3.5 4.8 5.6 4.8 5.6
Biomass APUE,; (%) 2021 Mean 108.6 1145 1224 985b  131.9a 117.9 111.4 116.3
SE 5.5 5.8 6.1 3.6 4.5 5.1 6.3 6.2
2022 Mean 98.0 1034 99.1 8l.6b 118.7a 103.7 99.8 96.9
SE 52 5.5 5.1 2.6 3.8 6.1 52 44
Grain APUE g (%) 2021 Mean 21.5 24.8 22.1  17.5b 28.1a 253 21.1 22.1
SE 3.5 34 3.1 2.3 2.8 3.0 2.9 4.0
2022 Mean 28.1 25.8 27.8  21.5b 33.0a  30.0 27.2 24.6
SE 32 2.6 35 22 2.6 3.0 35 2.9
Grain APUE,, (%) 2021 Mean 92.8 96.1 933 78.6b 109.6a 96.6 92.4 93.3
SE 4.1 4.0 4.5 2.1 2.8 43 3.7 4.6
2022 Mean 95.7 93.5 955 79.5b  1103a  97.6 94.9 922
SE 4.1 33 42 2.0 2.3 3.9 39 3.8

Note: Any significant mean differences (p < 0.05) detected within source, rate, or timing—placement by post hoc Tukey honestly significant difference test following

three-way ANOVA within a site-year are indicated by different lowercase letters (a and b)

Abbreviations: ANOVA, analysis of variance; SE, standard error of the mean.

Similar P uptake, yield, and thus removal via soybean grain
harvest among the P sources indicate that no adjustment of
management (e.g., P application rate) is needed.

The partial rate (75% of P maintenance) over the two
growing seasons supported similiar yields as the full rate as
expected based on the soil P status of the two sites (i.e.,
maintenance range). Evaluating fertilization rates on a main-

RIGHTS LI L)

tenance basis is challenged by the inherent uncertainty in the
P removal rates due to the variability in grain P concentra-
tions. In our study, the full maintenance rate calculated a priori
based on historical yields—a common approach—generally
exceeded measured grain P removal. The overestimation of
expected P removal in the current study was partially due to
the observed grain yield being lower than the target yields,
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TABLE 4

Effect of P fertilizer source (MAP, monoammonium phosphate; DAP, diammonium phosphate; and TSP, triple superphosphate), rate

(full and partial maintenance rate), and timing—placement (fall broadcast, spring broadcast, and spring banding) on soil Mehlich-3 P concentration at

0-15 cm depth at harvest (F21 and F22) and change in Mehlich-3 P concentrations from trial initiation to harvest in the second year (F22-F20) in

central (Urbana) and southern (Ewing) Illinois.

Source Rate Timing—placement
Fall Spring Spring
Site Measurement Time Value DAP MAP TSP Full Partial broadcast broadcast banding

Urbana  Mehlich-3 P F21 Mean  46.8 44.9 442 465 442 475 459 42.6
(mg kg™!) SE 3.6 4.1 3.0 34 23 25 8.9 32

0—15cm F22 Mean  34.8 359 36.6 37.0 346 404a 36.8ab 30.1b
SE 2.3 3.0 2.7 2.4 2.0 2.1 7.3 1.7

F22-F20 Mean —8.2 =72 -13.0 -8.0 —-11.0 —-4.0a —6.8a -17.7b
SE 2.3 34 4.6 2.4 33 22 7.6 34
Ewing  Mehlich-3 P F21 Mean 235 23.3 226 234 229 245 23.8 21.1
(mg kg™") SE 1.4 1.5 1.8 1.5 1.1 1.6 1.7 1.3
0—15cm F22 Mean 273 29.9 26.1  27.0 28.6 288 29.6 24.8
SE 2.0 2.1 1.9 1.6 1.7 2.1 1.9 2.0
F22-F20 Mean —1.7 -3.0 -34 =22 -33 —-43 0.0 -39
SE 2.0 2.0 1.2 1.0 1.8 1.5 2.1 1.7

Note: Any significant mean differences (p < 0.05) detected within source, rate, or timing—placement by post hoc Tukey honestly significant difference test following

three-way ANOVA within a site-year are indicated by different lowercase letters (a and b).

Abbreviations: ANOVA, analysis of variance; SE, standard error of the mean.

which were reasonable for the respective sub-regions of Illi-
nois. Grain P concentrations recommended by Illinois for
calculating harvest removal rates are based on 75th percentile
values (Villamil et al., 2019) and were 2%—13% higher than
the observed average grain P concentration in our study across
the 4 site-years. In addition, soybean grain P concentrations
ranged by 1.6-fold, 0.39%-0.62% at Urbana and 0.38-0.62%
at Ewing across the 2 years. Given the challenges in accurately
predicting yield, grain P concentrations, and thus P removal
rates with high year-to-year variation at each site, long-term
maintenance applications may be more effective.

The hypothesized increase in P uptake, grain P removal,
and P use efficiency with spring application and banding rel-
ative to fall application and broadcasting, either fall or spring,
of P fertilizers was not supported, even at the reduced applica-
tion rate. However, this was consistent with sufficient supply
of P from soils at both sites, expected based on the pre-
experiment soil Mehlich-3 P concentrations (i.e., maintenance
range). Despite a lack of crop responses, timing and placement
of P fertilization are expected to have implications for nutri-
ent loss through runoff and leaching. For example, banding
placement of P fertilizer has been hypothesized to reduce the
risks of surface runoff, especially under limited tillage (Smith
et al., 2016; Yuan et al., 2018). While limited crop response
to P application timing has also been reported elsewhere (e.g.,
Mallarino et al., 2009), fall application could increase risks
of P losses as well as N losses for ammonium phosphates
through leaching and gaseous losses (Margenot & Lee, 2023)
due to the lag between fertilizer application and crop uptake.
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For example, in Urbana, IL, only one-third of N fall-applied as
MAP, DAP, and ammonium sulfate remained in the top 30 cm
of soil until the growing season (Fernidndez et al., 2010).
Although the magnitude of N co-applied as MAP or DAP was
small relative to crop N removal, substitution with TSP could
eliminate fertilizer N loss. Assuming 35% of soybean fields in
Illinois received P fertilizer (USDA NASS, 2019, 2021), and
25% and 53% of these fields receive MAP and DAP, respec-
tively (IL DoA, 2021), at a maintenance rate of 23.9 kg P
ha~! (Schnitkey et al., 2022; Villamil et al., 2019), approx-
imately 21,800 Mg of N would be co-applied annually across
the state, equivalent to 12% of annual Illinois nitrate-N losses
(IEPA, 2023). While substitution with TSP would eliminate
co-applied N, supply of TSP is limited in the United States
(Margenot & Lee, 2023). Thus, spring application of ammo-
nium phosphates may be an immediately available approach
to reduce N loss from Illinois soybean production.

4.2 | 4Rs effect on APUEs

Grain and biomass APUE estimated by difference and balance
methods primarily responded to rate of P fertilizer at both sites
over both years, though APUE,; more consistently differed
between the two rates. The lower rate of P fertilizer always
resulted in higher grain and biomass APUE,,; at both sites,
whereas the same trend was observed for APUE ¢ mostly
at Ewing. The strong effect of P rate on APUE,,, is a math-
ematical outcome of similar P uptake and removal between

85UBD17 SLOWILLIOD SAIIERID 3ed! dde au Aq pousenob e a1l YO ‘88N JO S3NJ 0 Akeiq1 T 8UTIUO A8|IA UO (SUONIPUOD-PLE-SULB) /D" A 1M Afe.q 1 BuUO//:SdNU) SUOIIPUOD PUe SWS L 81 39S " [7202/0T/v2] uo ARiqiauliuo Ao jim ‘(-ouleande 1) aqnopead Aq 20,12 2Be/c00T 0T/10p/wod A3 1M Arelq 1[pul U0 'SS3sTe//:Sany Wouy papeoiumod ‘0 ‘Gr90SErT


https://acsess.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fagj2.21707&mode=

NAKAYAMA ET AL.

12 Agronomy Journal

fertilization rates, as a lower rate (i.e., denominator value)
would necessarily result in a higher APUE. For APUE g, a
similarly strong effect of P rate was expected, but subtraction
of P uptake and removal with those of unfertilized control,
which varied over space, potentially resulted in less pro-
nounced difference between the two rates. Limited responses
of the grain P removal to P fertilization, especially at Urbana,
resulted in near zero or even negative grain APUE g, high-
lighting the inaccuracy of the difference approach especially
when fertilizer P contribution to crop uptake is minimal.

4.3 | Soil test P (Mehlich-3 P)
Changes in soil Mehlich-3 P concentrations at 0-15 cm
after the two growing seasons only occasionally—and
inconsistently—responded to the timing—placement of P fer-
tilization. General decreases in Mehlich-3 P concentrations
even under full maintenance rate, which generally exceeded
grain P removal, as well as the lack of response to P fertiliza-
tion rate, support recent propositions that tracking P balances
with soil testing has limited accuracy at fine spatial scales
(e.g., field) (Margenot et al., 2024; Sims et al., 2023), despite
value in coarse spatial scales (e.g., county to state) (e.g., Day-
ton et al., 2020). For example, after 9 years of 100% and
200% maintenance P application, Bray P, did not increase
in Mollisols and Alfisols in Ohio (Fulford & Culman, 2018),
though increasing to 300% maintenance rate P application for
the subsequent 3 years eventually increased soil test P con-
centration (S. Culman, Fulford et al., 2020). More negative
changes in soil Mehlich-3 P values over the two growing sea-
sons with spring banding compared to broadcast applications
observed at Urbana could be explained by the horizontally
stratified distribution of fertilizer P near the crop row under
banding. Representative soil sampling to evaluate soil test P
concentrations in fields with banded fertilizer is challenged by
horizontal stratification of fertilizer P that persists beyond the
year of application (Kitchen et al., 1990; Mahler, 1990). Simi-
lar changes in Mehlich-3 P values across timing—placement at
Ewing, in contrast to Urbana, potentially reflected the lower
rate of P application. Additionally, P uptake by the endemic
weed of little barley (Hordeum pusillum) may have further
attenuated spatial differences in soil P concentrations entailed
by banding at Ewing. While not evaluated in the current
study, our results suggest that spatial density of our sampling
(three cores per composite) was likely insufficient, especially
under banding application of P fertilizer, and point to the need
to adjust soil sampling to account for horizontally stratified
residual P (Kitchen et al., 1990; Mahler, 1990), analogous to
accounting for vertical stratification under no-tillage (Crozier
et al., 1999).

Though the general lack of yield response to P fertilization
at Urbana and Ewing supports the accuracy of prediction
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by critical soil test values recommended by the Illinois
Agronomy Handbook for soybean, updating critical soil test
values merits consideration due to changes in soil testing
routines over the past decades. Quantification of Mehlich-3 P
has transitioned from colorimetry to ICP-OES in commercial
soil testing labs in the past three decades (Jones, 1998; Mal-
larino, 2003; Munter, 1990), but Illinois recommendations
are still based on Bray P, or Mehlich-3 P by colorimetry.
Measurement with ICP-OES generally resulted in higher
Mehlich-3 P values, though our estimated conversion factor
(1.19) was slightly lower than that reported by S. W. Culman,
Mann et al. (2020) for soils sampled across Ohio, mainly from
corn—soybean fields, and Indiana, from sites with diverse
fertilization practices and land use. When compared within
each site, the conversion factor from Urbana (1.35) was
comparable to that from S. W. Culman, Mann et al. (2020).
However, the conversion factor from Ewing was much
lower (1.08), likely reflecting lower organic P compared to
the Mollisols of Urbana that would lead to less organic P
extracted by Mehlich-3 solution and quantified by ICP-OES.
On average, molybdate unreactive P, which includes organic
P, colloidal P, and polyphosphate P, accounted for 36% and
14% of Mehlich-3 extractable P at Urbana and Ewing, respec-
tively. Generally higher Mehlich-3 P values with ICP-OES
relative to colorimetry could result in different P fertilization
recommendations depending on the measurement method.
For example, at Urbana, mean and median initial Mehlich-3
P with ICP-OES were >35 mg kg~! without conversion to
Mehlich-3 P with colorimetry, well above the critical soil
test value. Updating critical soil test values by including
conversion factors between Mehlich-3 P with colorimetry and
ICP-OES could thus help improve Illinois P fertilizer recom-
mendations, as has been recently done for neighboring states
in the US Midwest region (S. W. Culman, Mann et al., 2020).

S | CONCLUSION

Improving P use efficiency of corn—soybean rotations in the
US Midwest can benefit from explicit evaluation of soy-
bean P use efficiency under fertilizer source, placement, rate,
and timing considerations. To assess soybean-specific con-
siderations on P fertilization, which are outdated by decades
for Illinois as for many other US Midwest states, we eval-
uated effects of P fertilizer source (MAP, DAP, and TSP),
rate (partial vs. full maintenance rate), and timing—placement
combinations (fall and spring broadcast and spring banding)
on soybean productivity and P use efficiency over 4 site-
years. As hypothesized, the three P fertilizer sources resulted
in similar grain yields and P removal, suggesting environmen-
tal but not agronomic advantages of substituting commonly
applied MAP and DAP with TSP to eliminate co-application
of N that may contribute to off-farm nitrate-N losses via
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leaching. Hypothesized benefits of spring application and
banding of P fertilizers for crop productivity were not sup-
ported, indicating no clear agronomic differences for the
tested P management practices for soybean in conditions of P
maintenance applications. Our assessment of two major met-
rics of P use efficiency illustrates challenges in accurately
estimating maintenance rate due to the strong variability in
P removal with grain across years, and imprecise [lllinois
Agronomy Handbook values on soybean grain P concentra-
tions. Evaluation of P use efficiency should rather focus
on longer term balances calculated using P fertilizer input
and—preferably measured—P removal with crop harvest.
Additional evaluation of the 4Rs of soybean P management
across a greater diversity of soil types and ranges in soil test
P concentrations is needed to establish soil type-specific P
recommendations (e.g., critical test values) to improve P use
efficiency.
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