Received: 4 January 2024

Revised: 21 August 2024

Accepted: 26 August 2024

DOI: 10.1111/ejss.13578

RESEARCH ARTICLE

- o
pg.ar%ounvn

. e

>*P-isotope labelling ammonium phosphate fertilizers
reveals majority of early growth maize
phosphorus is soil-derived

Neha Chatterjee’ |

'Department of Crop Sciences, University
of Illinois Urbana-Champaign, Urbana,
Illinois, USA

2Agroecosystem Sustainability Center,
Institute for Sustainability, Energy, and
Environment, University of Illinois
Urbana-Champaign, Urbana,

Illinois, USA

Correspondence

Andrew J. Margenot, Department of Crop
Sciences, University of Illinois Urbana-
Champaign, Urbana, IL 61801, USA.
Email: margenot@illinois.edu

Funding information

Illinois Nutrient Research and Education
Council, Grant/Award Numbers:
2018-4-360731-385, 2022-3-360731-550;
University of Illinois at Urbana-
Champaign

1 | INTRODUCTION

Struvite (MgNH4PO,) is a mineral precipitated from
wastewater streams that can be used to meet crop

Chongyang Li’ | Andrew J. Margenot'?

Abstract

In soils managed to have adequate to high Mehlich-3 phosphorus
(P) concentrations throughout the US Maize Belt, the majority of crop P is soil-
derived. Struvite, a low water solubility ammonium phosphate fertilizer, may
be therefore substituted for relatively high water-soluble monoammonium
phosphate (MAP) without adversely impacting maize (Zea mays L.) P uptake
and growth, while minimizing fertilizer P loss risk. We determined the relative
contribution of struvite and MAP to maize P uptake and soil solution P in soils
representative of the US Maize Belt by radiolabelling fertilizers with **P. We found
8% (struvite) to 22% (MAP) of early-to-mid vegetative growth stage (V7) maize P
was fertilizer-derived, and thus, 78%-92% was soil-derived. Despite similar above-
ground P uptake and maize growth, maize P use efficiency (PUE) determined
directly by **P was <5% for MAP (4.9%) and struvite (1.9%) indicating that in soils
with adequate to high crop-available P, early season fertilizer PUE is relatively
low. If prorated to harvest stage, in-season PUE was estimated to be 8% for stru-
vite and 20% for MAP. MAP and struvite did not differ in relative contributions to
water-extractable P, a proxy for P loss risk, potentially reflecting lag effects in stru-
vite P dissolution and/or the relatively fine particle size of synthesized fertilizers
(<0.1 mm diameter). Since maize aboveground biomass and P uptake were simi-
lar for both struvite and MAP, struvite could be an effective P fertilizer for soils
with adequate to high Mehlich-3 P concentrations common across the US
Maize Belt.
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phosphorus (P) needs as a fertilizer, supporting circular
nutrient economies. The low water solubility (0.4%-4.4%,
0.17 + 4.3 g L™ ! at 25°C) of struvite that enables P recov-
ery by precipitation (Bhuiyan et al., 2007; Gu et al., 2020)
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also entails lower dissolution rates in soil relative to con-
ventional P fertilizers such as monoammonium phos-
phate (MAP) that are >90% (370 g L™" at 20°C) water-
soluble (Buchanan & Winner, 1920). The higher water
solubility of MAP and hence higher dissolution rates rela-
tive to struvite increases the risk of dissolved reactive P
(DRP) losses (Hart et al., 2004; McDowell et al., 2003;
Nash et al., 2019). Replacing highly water-soluble fertil-
izers such as MAP with struvite may therefore lower P
loss risk (Margenot et al., 2019).

However, the low rate of P dissolution from struvite can
also limit its ability to meet crop P needs (Talboys
et al., 2016), challenging its adoption in agroecosystems. As
early-stage crop P limitation reduces crop growth and stunts
yield potential (Grant et al., 2001), full substitution of
water-soluble P fertilizers with struvite (Degryse et al., 2017;
Talboys et al., 2016) is likely to impair crop growth
(Hertzberger et al., 2020 meta-analysis). On the contrary, in
soils with adequate to high soil P availability, struvite could
fully substitute MAP without negatively impacting crop
growth since early crop P needs could be initially met by
soil P. In intensively managed crop production systems
such as those of the US Maize Belt (Green et al., 2018), P
inputs are managed to be at or above soil concentrations of
25 mg kg~ ' by Mehlich-3 extraction, as this is deemed to be
the critical value for maize (Zea Mays L.) as well as soybean.
Above the critical value, a crop response to added P is not
expected (Culman et al., 2020; Fernandez & Hoeft, 2009).
Most soils under maize production in this region have there-
fore been intentionally managed to have adequate to high
soil ‘test’ (i.e. crop-available) P values (Murrell et al., 2016),
in part reflecting the philosophy of ‘building’ soil Mehlich-3
concentrations beyond the critical value but below an
‘excessive’ threshold of 80-100 mg kg™ '. State-wide surveys
of soil test P concentrations in Illinois suggest that 59% of
sampled fields (n = 547) exceed the critical value of
Mehlich-3 25 mg P kg ', with a mean of 69 mg kg™ ' and
median of 53 mg kg~! (Fernandez et al., 2012). In 2005, the
International Plant Nutrition Institute identified the median
soil test P for Illinois on a Mehlich-3 basis to be 49 mg kg™*
(n = 509,000) (Murrell, 2006), assuming 1.35 correction fac-
tor to convert measured Bray-1 to Mehlich-3 values
(Culman et al., 2019). More recently, commercial soil test
values (n = 1,420,000) averaged 33 mg kg~ ' on a Mehlich-3
basis during 2010-2020 (Jones et al., 2021). While variable
due to sample sizes and soil testing sources, these studies
indicate Illinois soils under the maize-based production sys-
tems that account for 96% of the state's 9.4 million ha of
cropland (NASS, 2023) on average exceed the critical value
of 25 mg kg™ '. Under the conditions of relatively high soil
extractable P concentrations that our study realistically cap-
tures, struvite could be fully substituted for highly water-
soluble P fertilizers such as MAP without compromising
crop growth.
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Highlights

« Ammonium phosphate fertilizers of high
(monoammonium phosphate [MAP]) and low
(struvite) solubility radiolabelled with **P.

« Majority (78%-92%) of early-to-mid vegetative
stage maize biomass P was soil-derived.

« Higher PUE for MAP (4.9%) than struvite
(1.9%) by V7 maize growth.

« Similar soil water-extractable P for MAP and
struvite.

Evaluating the suitability of struvite as a P fertilizer in
soils with high P availability requires distinguishing fer-
tilizer versus soil contributions to crop P uptake. A metric
of crop utilization of fertilizer P, P use efficiency (PUE) is
the proportion of plant P in grain (agronomic PUE) or in
aboveground biomass (physiological PUE) derived from
fertilizer (Moll et al., 1982; Ortiz-Monasterio et al., 2001).
In both cases, P uptake by the plant attributable to fertil-
izer is traditionally but indirectly estimated as the differ-
ence in P uptake in plants with and without P
fertilization. In general, agronomic PUE of maize is esti-
mated to range between 11% and 39% (Dhillon
et al, 2017). The wide range in PUE values in part
reflects the solubility of P fertilizer, which is generally
positively associated with same-season PUE (Syers, 2008).
PUE can be as low as 2% for very low water solubility P
fertilizers such as phosphate rock and as high as 70% for
high water solubility fertilizers such as MAP (Yossif &
Gezgin, 2019). Struvite has a solubility product constant
(Ksp) greater than phosphate rock (Hanhoun et al., 2011;
Wei et al, 2013) but lower than MAP (Gargouri
et al., 2012). Specifically, the Ky of struvite is greater than
that of phosphate rock by a factor of 10*> but lower than
MAP by a factor of 10'*. Thus, struvite is expected to
yield greater PUE than phosphate rock but lower PUE
than MAP. However, using indirect estimates of PUE by
omission, Katanda et al. (2016) observed similar apparent
P recovery efficiency from both struvite and MAP of
approximately 20% for canola (Brassica napus L.) and
10% for wheat (Triticum aestivum L.), despite the lower
water solubility (K,) of struvite being expected to entail
lower PUE than for MAP. In addition to entailing lower
PUE relative to MAP, struvite's lower water solubility
and thus dissolution is also expected to decrease struvite
contribution to soil solution P susceptible to losses via
runoff or leaching as DRP. While often proposed (Mar-
genot et al., 2019) and sometimes evaluated (e.g. Latifian
et al., 2012; Reza et al., 2019), struvite contributions to
soluble P in soil are expected to be lower than more
water-soluble fertilizers such as MAP.
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This study determined the relative contributions of
struvite and MAP to maize P uptake, PUE and soil solu-
tion P in three soils representative of the nearly
95 million ha of the US Maize Belt in both soil type (clas-
sified by USDA Taxonomy as Mollisols and Alfisols) and
sufficient soil P availability (USDA-NASS, 2022). Though
radiolabelling P of struvite has been used to evaluate
early-stage uptake by non-legume crops (Bonvin
et al., 2015), comparative evaluations of PUE with radio-
isotopic labelling of struvite relative to MAP or another
high water solubility ammonium phosphate fertilizer are
lacking. By radiolabelling P in struvite and MAP, we
directly quantified P fertilizer contribution to maize up-
take as well as soil solution P, providing the first direct
measurement of PUE from these fertilizers and for a glob-
ally important crop. Specific objectives were to (i) distin-
guish struvite or MAP versus soil contribution to maize P
uptake through the mid-vegetative growth stage (vegetative
stage 7 [V7]), a key period of maize sensitivity to P defi-
ciency; (ii) comparatively evaluate PUE of struvite and
MAP; and (iii) quantify differences in struvite versus MAP
contribution to soil solution P, and how these potential dif-
ferences relate to fertilizer PUE. Due to high—and region-
ally representative—soil Mehlich-3 P concentrations of the
three soils, we hypothesized early-stage maize aboveground
biomass to be similar between struvite and MAP, but
hypothesized that a greater proportion of maize P uptake
would be soil-derived than fertilizer-derived. We addition-
ally hypothesized that maize P uptake would be greater
from MAP than from struvite, entailing relatively higher
PUE for MAP. Finally, we hypothesized that soil water-
extractable P (WEP) concentration and the proportion of
WEP derived from struvite would be lower than for MAP.
Though we did not expect a difference in maize above-
ground biomass, P uptake or WEP concentrations among
the three soils, we hypothesized that PUE would be inverse
to soil Mehlich-3 P concentrations.

2 | MATERIALS AND METHODS

2.1 | Plant and soil materials

To determine the source of maize P uptake between stru-
vite or MAP and soil solution P, hybrid maize (UTUC4)
was cultivated in three soils representative of major soil
types of the US Maize Belt. Prior to the experiment, seed
viability was determined by wet paper-towel germination
followed by evaluation of in-soil seed germination and
emergence in each of the three soils using the same pots as
for the experiment, to confirm 100% germination and seed-
ling emergence.
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Three soils with adequate (>25mgkg ') to high
Mehlich-3 P concentrations were selected from three
fields in Illinois, situated in the heart of the US Maize
Belt. Soil Mehlich-3 P concentrations were 82.7 mg kg™
(Effingham-Albaqualf) (WRB Luvisol), 59.7 mg kg '
(LaSalle-Endoaquoll) (WRB Chernozem) and 30.0 mg kg *
(Champaign-Endoaquoll) (WRB Chernozem) by inductively
couple plasma optical emission spectroscopy quantification,
all above the critical value for P in Illinois (Table 1). The
field sites represent the two major soil types in Illinois and
the US Maize Belt: the more recently glaciated central-north
region (Wisconsin episode) and less recently glaciated south
region (Illinoian episode) (Fehrenbacher, 1984). Soils were
sampled from the University of Illinois Urbana-Champaign
South Farms in Champaign County (40°4'18.9264"N,
88°13'9.5736"W), a commercial field in Effingham County
(38°59’6.36”"N, 88°22/8.04"W) and a commercial field at
LaSalle County (41°655.8”N, 88°47'45.6"W). All fields
were under maize-soybean rotation, and soils were
sampled in spring 2020 following maize harvest in the
preceding fall. The LaSalle-Endoaquoll site was under no-
tillage, and the Champaign-Endoaquoll and Effingham-
Albaqualf sites were chisel tilled to 20 cm depth. Soils were
sampled by spade randomly across a 0.1-0.2 ha area of the
field, as a composite of eight samples at 0-15 cm depth of
the A horizon. Soils were air-dried at room temperature
and sieved to <4 mm prior to filling pots.

The measured texture, determined by the hydrometer
method (Bouyoucos, 1962), of the three soils was similar:
textural classes were clay loam for Champaign-Endoaquoll,
silt loam for Effingham-Albaqualf and loam for LaSalle-
Endoaquoll. Total organic C (%), total nitrogen (%) and C:N
ratio were determined by dry combustion (USDA, 2004)
and were greatest for LaSalle-Endoaquoll (3.89%, 0.31%,
12.4), followed by Champaign-Endoaquoll (3.2%, 0.27%,
11.9) and Effingham-Albaqualf (1.77%, 0.18%, 10.0). Soil pH
(1:1 m/v in water) and cation exchange capacity (cmol.
kg ") (USDA, 2004) decreased from the LaSalle-Endoaquoll
(pH 7.23, 19.23 cmol, kg™ ") > Champaign-Endoaquoll (pH
6.43, 25.99 cmol. kg ') > Effingham-Albaqualf (pH 6.20,
10.01 cmol. kg ). Total soil P determined by lithium borate
fusion (Robertson et al., 1999) was greatest in LaSalle-
Endoaquoll (921 mgkg ') followed by Champaign-
Endoaquoll (824 mgkg™') and Effingham-Albaqualf
(669 mg kg~ !). Organic P was determined based on
Bowman and Moir (1993) and Turner (2008), and was
highest in LaSalle-Endoaquoll (238 mg kg™'), consis-
tent with greater total organic carbon, followed by
Champaign-Endoaquoll (176 mg kg™ ') and Effingham-
Albaqualf (140 mg kg™'). Soil phosphomonoesterase
(PME) and phosphodiesterase (PDE) activities were
determined based on Tabatabai and Bremner (1969) as
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NCE

LaSalle-
Endoaquoll

Effingham-

Soil properties Albaqualf

USDA taxonomic Fine, smectitic, Fine-silty, mixed,

classification mesic mollic superactive, mesic
Albaqualf typic Endoaquoll

Soil series Cisne Drummer

Sand (%) 29 27

Silt (%) 56 47

Clay (%) 15 26

Total organic C (%) 1.77 3.89

Total nitrogen (%) 0.18 0.31

C:N 10.0 12.4

Cation exchange 10.01 19.23

capacity (cmol, kg™)

pH 6.20 7.23

Total P (mg kg™)* 668.6 + 29.0 920.7 + 6.2

Total organic P 140.3 + 34.0 237.6 + 18.0

(mgkg™")*

Mehlich-3 P (ICP)° 82.7 59.7

(mgkg ")

Phosphomonoesterase ~ 2.61 + 0.12 3.62 + 0.22

activity (pmol pNP

g—l h—l)a

Phosphodiesterase 0.50 + 0.19 0.83 +0.24

activity (pmol pNP

g71 hfl)a

Abbreviation: pNP, para-nitrophenol.

TABLE 1 Characteristics of the

Champaign-
three soils used to determine the

Endoaquoll
relative contribution of struvite and
Fine-silty, mixed,
superactive, mesic
typic Endoaquoll

monoammonium phosphate (MAP) to
maize (Zea mays L.) phosphorus (P)

uptake and soil solution P.
Drummer

26

39

35
3.20
0.27
11.9
25.99

6.43
823.6 + 26.2
176.2 + 21.4

30.0

3.04 + 0.14

0.72 £ 0.17

#Total P, organic P and phosphatase activity values are mean + standard error, based on three replicate

analyses of the same soil.

°Soil Mehlich-3 P concentrations were determined by inductively couple plasma (ICP) optical emission

spectroscopy quantification.

modified by Margenot et al. (2018). Soil PME and PDE
activities were highest in the LaSalle-Endoaquoll (3.62
and 0.83 pmol para-nitrophenol [pNP] g * h™?, respec-
tively) followed by Champaign-Endoaquoll (3.04 and
0.72 pmol pNP g~ h™', respectively) and Effingham-
Albaqualf (2.61 and 0.50 pmol pNP g ' h™', respec-
tively) consistent with differences in soil organic P
among soils. Soil organic P in the LaSalle-Endoaquoll
was 1.7-fold higher than in the Effingham-Albaqualf,
consistent with the relative difference of 1.4-fold
greater PME activity and 1.7-fold greater PDE activity.

2.2 | Synthesis of **P labelled fertilizers
Labelled struvite was synthesized by precipitation
using an excess of NH," relative to PO,>~ and Mg*"
(Hovelmann et al., 2019):

RIGHTS LI L)

Mg** (aq) + HPO; ™ (aq) + NH; (aq)
— MgNH, « PO, « 6H,0 (S) | +H" (aq). (1)

A solution of 100 mL of 100 mM (NH,),HPO,
(Sigma-Aldrich CAS No. 7783-28-0, >99.99% trace metals
basis) (pH 8.01) was mixed with 100 mL of 100 mM
MgCl,+6H,0 (Sigma-Aldrich CAS No. 7791-18-6, BioX-
tra, >99.0%) solution. While stirring at 400 rev min %,
MgCl,+6H,0 solution was added, and the resulting solu-
tion pH decreased to 5.78. Struvite precipitate was visible
within 5-10 s after mixing. Carrier-free **P orthophospho-
ric acid (American Radiolabeled Chemicals Inc.,
St. Louis, MO) was mixed with *'P (NH,),HPO, solution
prior to struvite precipitation on addition of
MgCl,«6H,0. The suspension was continuously stirred
for 3 h at 400 rev min ' to ensure equilibrium (Kabdaszli
et al., 2006; Ohlinger et al., 1998). Struvite was recovered
as fine particles (<0.1 mm) due to the necessary trade-off
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of shorter suspension time and the low feasibility of using
large-scale commercial granulizing equipment in radiola-
belling (Leon et al., 2024). Struvite particles were isolated
by gravity filtration using cellulose filter paper (<11 pm
pore diameter) by washing with 50 mL of 25°C
18.2 mQecm water. Struvite was air-dried to prevent
structural and compositional transformations that can
occur with oven-drying at 60°C and above (Bhuiyan
et al., 2008; Farhana, 2015), for 48 h at 25°C, after which
the air-dry mass was recorded and recovered yields calcu-
lated (Table S1).

Labelled MAP was synthesized by supersaturation and
recrystallization based on Gargouri et al. (2012). A solu-
tion of ammonium phosphate monobasic (Sigma-Aldrich
CAS No. 7722-76-1, >99.99% trace metals basis) was pro-
duced by dissolving 11.48 g MAP in 10 mL of 18.2 mQscm
water containing >*P orthophosphoric acid (1.2: 1 m/v
ratio). The solution was heated to 80°C to facilitate disso-
lution with continuous stirring at 500 rev min " to facili-
tate crystal formation on cooling. After 15 min, when
MAP was fully dissolved, the solution was allowed to cool
to ambient temperature (~25°C) to recrystallize. The solu-
tion was gravity filtered using cellulose filter paper
(<11 pm pore diameter) by washing with ambient temper-
ature 18.2 mQe.cm water. MAP crystals (<1 mm) were air-
dried for 48 h at 25°C, after which the air-dry mass was
recorded and recovered yields calculated (Table S1).

Unlabelled struvite and MAP were synthesized using
the same procedure as labelled fertilizers to confirm
purities and P and N content (%) using commercial stru-
vite and ACS grade MAP. Fourier transform infrared
(FTIR) spectra of the commercial struvite Crystal Green®
from Ostara Nutrient Recovery Technologies, Inc. were
compared with that of unlabelled synthesized struvite. A
rapid, non-destructive technique for confirming purity of
compounds, FTIR spectroscopy identifies functional
groups that vibrate on irradiation with specific light
wavelengths (Daéid, 2005). FTIR spectra of ACS grade
MAP and unlabelled synthesized MAP were also com-
pared. FTIR spectroscopy was conducted on the unla-
belled synthesized struvite and MAP Dbecause
radiolabelled fertilizers could not be analysed due to
radioactivity contamination of the spectrometer. Highly
similar spectra, including absorbance features of Crystal
Green® and unlabelled synthesized struvite and MAP,
confirmed purity of synthesized struvite and MAP
(Figure S1A,B). Specifically, characteristic absorbance
bands were evident for water O-H and N-H asymmetric
stretching at 3270 cm™!, ammonium N-H symmetric
stretching at 2890 cm ™', phosphate asymmetric stretch-
ing of P-O at 995 and 875 cm ™', Mg-O stretching at
750 cm ™, bending of NH, " at 1464-1433 cm ™', valence

vibrations of tetrahedral form of PO,>~ at 555-656 cm ™,

RIGHTS L

1147-1145 cm ', and H,PO,  at 889-786 cm ' (Baby &
Thambi, 2023; Parikh et al., 2014; Polat & Eral, 2022).
Phosphorus contents of the unlabelled synthesized stru-
vite and MAP were determined -colorimetrically
(Murphy & Riley, 1962) following dissolution of fertil-
izers in 1.2 M H,SO, at 25°C for 1 min (Kecskésova
et al., 2020). Unlabelled synthesized struvite (% P: 12.44
+ 0.02) and MAP (% P: 23.34 + 0.02) were within 99.0%
and 99.7% of the P concentration of commercial struvite
(% P: 12.48 +0.02) and ACS grade MAP (% P: 23.34
+ 0.03) (Table S2). Nitrogen contents of the unlabelled
synthesized struvite and MAP determined by dry com-
bustion (Vario MAX Cube, Elementar) were 98.6% of
commercial struvite and 99.4% of ACS grade MAP
(Table S2).

To quantify **P labelling strength, the specific activity
of the labelled struvite and MAP was measured by first
dissolving triplicate subsamples of 0.10 g labelled struvite
and 0.17 g labelled MAP in 10 mL of 10% HCI (m/v) (Li
et al.,, 2021). A 0.1 mL aliquot of the digest was combined
with 9.9 mL of Ultima Gold™ high flash-point liquid
scintillation counts (LSC) cocktail (Fisher Chemical,
Houston, TX) (100-fold dilution) and LSC per minute for
a counting time of 1 min per sample, were obtained on
the digest 4 cocktail mix as well as a digest-free blank
(0.1 mL 18.2 mQecm water + 9.9 mL cocktail) using a
Beckman Scintillation Counter LS 6500 (Beckman Coul-
ter, Pasadena, CA). We quantified counting efficiency for
3P dissolved in water using external calibration curves
within our samples’ reading range and set a counting effi-
ciency as 65% in the Beckman Scintillation Counter. We
tested for quenching effects by comparing the counts per
minute of **P in 18.2 mQecm water and in 10% HCL
Since the relationship of counts per minute values among
matrices showed an almost unity slope, we concluded
that no corrections were needed for matrices containing
10% HCI (Figure S2). The specific activity of the synthe-
sized struvite and MAP (air-dried mass basis) was
1619.8kBqg ' of  struvite, corresponding to
12,8349kBqg ' P, and 4789 kBqg ' of MAP, corre-
sponding to 1,777.5 kBq g~ ' P (Table S3).

2.3 | Experimental design and nutrient
management

To test the relative contribution of fertilizer or soil to
plant P uptake, a full 3 x 2 factorial of soils from the
three field sites and two ammonium phosphate fertilizers
was used, with four replicates per treatment combination.
A P-unfertilized control treatment, also with four repli-
cates, was conducted for each soil. For P fertilizer treat-
ments, struvite or MAP was applied at the rate of 43 kg P
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ha ' based on a maintenance rate for a maize yield of
16.1 Mgha™' (Ferndndez et al., 2012; Villamil
et al., 2019), adjusted on a cross-sectional area basis
(80.8 cm” pot) to 35 mg P pot ', entailing application of
285 mg struvite pot ' and 153 mg MAP pot . To ensure
N and K did not limit maize growth, N and K fertilizers
were applied by thoroughly mixing with air-dried soil to
avoid fertilizer patches, prior to filling pots. Nitrogen was
applied to all pots at the rate of 60 kg N ha™' as urea,
and the relatively minor N (2.62 mgN) difference
between struvite and MAP treated pots was accounted
for by adding 10 mg of NH,4CI to struvite pots (Ransom
et al., 2020). Potassium was applied to all pots at the rate
of 50 kg K ha ! as KCI (Villamil et al., 2019) (Table S4).
Correction for Mg from added struvite was not per-
formed for the MAP treatments because Mehlich-3 Mg
concentrations in the soils is fairly high and well above
any thresholds of Mg-driven growth response for maize.
For example, the Champaign-Endoaquoll Mehlich-3 Mg
concentration of 586 mg kg ' exceeds critical values of
200-300 mg kg™, below which crop growth responses
would be expected. The amount of Mg added with stru-
vite was 28.2 mg pot ™!, which for the 1.8 kg of soil per
pot would entail a 15.7 mg kg™ ' concentration increase
in Mehlich-3 Mg, assuming all of the struvite Mg would
be Mehlich-3 extractable. This corresponds to a less than
3% change in Mehlich-3 Mg concentration. Polyethylene
pots (2.3 L, 10.16 cm diameter) were used for the experi-
ment and were filled with 1.8 kg soil at a bulk density of
1.2 gcm >, consistent with the range of minimum
(1.27 gcm ) and maximum (1.42 g cm>) bulk densi-
ties at surface depths (0-25cm) of fields in Illinois
(Hollinger, 1995), with continual tapping to ensure soil
was fully settled.

2.4 | Growing conditions

Maize was grown in soils with **P-labelled struvite and
MAP in a 1.88m x 1.88m x 1.93m polycarbonate
greenhouse, with a 0.6 m x 1.6 m door and roofing vents
for ventilation, until V7 (Ritchie et al., 1993). Two seeds
were planted per pot at the centre and at the edge of the
pot at 3 cm depth. At 7 days after seeding, the less vigor-
ous seedling and attached seed were removed with for-
ceps to isolate one seedling per pot. Each pot was
watered with 18.2 mQecm water to 60% of maximum
water holding capacity (calculated on an oven-dry mass
basis) before adding the labelled fertilizer and after seed-
ing, to minimize dust. To mimic a banding application,
labelled struvite and MAP were placed in the soils at the
diametric opposite edge of the plant at a depth of 3 cm.
Pots were maintained at 60% of maximum water holding
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capacity by watering with 18.2 mQ.cm water, which was
at a watering frequency of approximately 1.5-2 days
depending on growth stage. The greenhouse environment
was maintained at 24.5-30.0°C (night-day) temperature.
White fluorescent grow lights were placed 15 cm above
seedlings to provide 4306 Im m™? light intensity in a
16:8 h light: dark cycle.

2.5 | Plant harvest and analysis

At the middle vegetative growth stage V7, defined as
emergence of the seventh leaf collar (Ritchie et al., 1993)
and physiologically the point of rapid stem elongation
and ear shoot development (day 44) (Nleya et al., 2016),
maize plants were manually harvested. To minimize tis-
sue with adhered soil particles that can lead to overesti-
mation of biomass nutrient concentration, shoots were
clipped at 1 cm above the soil surface. Plants were sec-
tioned into leaves and stem to test for potential differ-
ences in P uptake by these biomass fractions, which can
be differentially sensitive to soil P availability, since up to
70% of stem P versus 30% of leaf P is remobilized to grain
(Zhang et al., 2022). Total aboveground, leaf and stem
biomass was recorded (dry mass basis). As minor leaf
senescence occurred to some degree for 77% of the pots,
leaves were further subdivided into whole leaves and
senesced leaves, the latter defined as >70% of the leaf
blade area yellowed or necrotic. Senesced leaves were
only 1.2% (mean) of total aboveground dry biomass. Leaf
and stem distinction was made according to Nleya et al.
(2016) and Ritchie et al. (1993).

Harvested whole leaves and stem tissue samples were
collected from all leaves and all portions of stem of a
harvested maize plant. Duplicate subsamples (~0.75 g
wet mass) of leaf and stem tissue were collected from
each plant as excisions of tissue. Each excision com-
prised <1 cm cut small leaf/stem sections from each of
the top, middle and bottom portion of the maize leaves
or stem, for digestion in concentrated nitric acid and
hydrogen peroxide at 100°C (White & Douthit, 2020).
An aliquot of the digestion was diluted in LSC cocktail
(3:7 digest: cocktail) (3.33-fold dilution) and **P activ-
ity was measured by LSC as described for fertilizers.
Total P (*'P) content (tissue P concentration x tissue
biomass) was measured colorimetrically as molybdate-
reactive P on another aliquot of the acid digest when
3P activity decayed to background levels after five
half-lives (~4 months) via a Genesys 10S UV-VIS spec-
trophotometer. Total plant P content and % of total P
from *°P labelled struvite and MAP in total above-
ground, leaf and stem biomass fractions were calcu-
lated as:
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Amount of Pin plant tissue from**P labeled fertilizer
_ SRO(plant)
labelling strength per g P of fertilizer’

Percent of total Pin plant tissue from**P labeled fertilizer
_ Amount of Pin plant tissue from*P labeled fertilizer
N Total plant P content

x 100

where, SRoplant) 1S the specific activity in plant tissue at
planting, in kBq g~ '; and labelling strength per g P of fer-
tilizer refers to the specific activity of the synthesized
struvite and MAP (air-dried mass basis), that is,
12,8349 kBqg ' P (struvite) and 1,777.5kBqg ' P
(MAP) (Table S3).

SRyplanty Was calculated based on first order decay
model:

where, k is the *°P disintegration rate constant,
0.027 day ', and ¢ is time (day) after planting. SRyjan, is
the specific activity in plant tissue at time t. SRyepiang
is the back-corrected value of SR, measured at
time = ¢, adjusted to day zero (i.e. t =0) to match the
activity of the synthesized labelled fertilizers on day zero
or the day of fertilizer application to the soil.
PUE was calculated as:

PUE(%)

_ Amount of Pin plant tissue from*P labeled fertilizer(mg)
N P applied(mgpot )

x100.

2.6 | Post-harvest soil analysis

At plant harvest at 44 days after planting, soil was sam-
pled using small spatulas with approximately 2 cm wide
blades, simulating auger sampling. The soil was collected
at 0-6 cm depth, at a distance of 7.5 cm from the fertilizer
placement, with three subsamples composited into a
sample for analysis. We used this sampling approach to
capture information on the soil fate of fertilizer P in a
spatially explicit manner, while minimizing radioactive
dust generation. Roots were avoided during sampling,
and any fine roots sampled were removed prior to soil
analyses. Because maize root length during growing sea-
son and pre-V7 can extend up to 30 cm (Weitzman
et al., 2022), maize roots could likely access soil P beyond
the 3 cm depth at which fertilizer was applied. Soils were
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measured for WEP (1:10 soil: water) as WEP is well-cor-
related with DRP concentrations in surface runoff (Wang
et al., 2015). An aliquot of the extract was diluted in LSC
cocktail (3:7 extract: cocktail) and **P activity measured
by LSC. Total WEP (*'P) was measured on a separate ali-
quot of the extract when **P activity decayed to back-
ground levels after five half-lives (~4 months). Total
WEP (mg P kg '), labelled struvite and MAP-derived
WEP (mg P kg™ ') and of the proportion of total WEP (%)
from labelled struvite and MAP, to provide a direct mea-
sure of fertilizer-derived WEP, were calculated as:

Amount (mg) of WEP from**P labeled fertilizer
SRO(soil)

B labeling strength per g P of fertilizer’

Proportion (%) of WEP from**P labeled fertilizer
_ Amount of WEP from>*P labeled fertilizer
N WEP

x 100,

where SRysoiny i the specific activity in soil solution at
planting (kBq g~ soil). While soil sampling was done at
t = 44 days, the specific activity in soil solution at t = 44
(SRuasoin) Was used to calculate the specific activity in
soil solution at planting or fertilizer application, that is,
at t =0day (SRowoi) based on the first order decay
model described in section 2.5. Therefore, SRysoir is the
back-corrected value of SRyysoi1) measured at ¢ = 44 days,
adjusted to day zero to match the activity of the synthe-
sized labelled fertilizers on day zero.

2.7 | Statistical analysis

Data analysis was conducted in R studio (version
1.2.5001). Assumptions of normality and homogeneity of
variances were tested by the Shapiro-Wilk and Levene's
tests. When residuals of response variables failed the tests
for normality or homogeneity of variances, the response
variables were transformed using box-cox transformation
in R. If transformation did not correct heteroscedasticity,
a parametric bootstrap-based generalized test (Halekoh &
Hojsgaard, 2014) was used to calculate a generalized p-
value to compare means at a = 0.05. If residuals of
response variables adhered to ANOVA assumptions
either before or after transformation, a generalized linear
model for unbalanced design was used to test the signifi-
cance of soil and P fertilizer on maize aboveground and
leaf and stem biomass, P uptake in aboveground biomass,
leaf and stem biomass fractions, fertilizer PUE and WEP
(p < 0.05). Tukey's HSD was performed to test mean sig-
nificant difference of soil x P fertilizer treatment combi-
nations at « = 0.05, on maize biomass (total, leaf and
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stem), P uptake (total, uptake from **P labelled fertilizer,
percent plant P from **P labelled fertilizer), fertilizer PUE
and WEP (total, WEP from **P labelled fertilizer, percent
of total WEP from **P labelled fertilizer).

3 | RESULTS AND DISCUSSION

3.1 | Struvite does not limit maize
biomass and P uptake in soils with
adequate Mehlich-3 P concentrations

As hypothesized, maize biomass and P uptake were simi-
lar for struvite or MAP fertilization, which radioisotopic
labelling revealed was due to greater soil-based than
fertilizer-based P uptake. The low water solubility of stru-
vite therefore does not appear to limit early-stage maize
growth when soil available P is above potentially yield-
limiting critical values assessed by agronomic soil tests
such as Mehlich-3. Aboveground maize biomass at mid-

E3 control BE mAP E3 Strwite

stage vegetative growth (V7) was similar between struvite
and MAP across soils (p=0.18) and P fertilizers
(p = 0.17) (Figure 1a). Maize leaf and stem biomass were
also similar regardless of struvite or MAP fertilization
(leaf: p=0.19; stem: p =0.35) and across soils (leaf:
p = 0.11; stem: p = 0.14) (Figure 1b,c). The combination
of P fertilizer and soil did not influence aboveground
biomass (p = 0.38), leaf (p = 0.39) or stem biomass
(p = 0.54). For all three soils, leaf biomass was similar
for the P-unfertilized control relative to struvite
(p =1.00, 0.69, 0.99, respectively) and to MAP
(p = 0.99, 0.89, 1.00, respectively). Total aboveground
maize P uptake at V7 reflected similar biomass
between struvite and MAP (p = 0.74) but differed
among the three soils (p = 0.05), unlike aboveground
biomass (Figure 2a). Specifically, total aboveground
maize P uptake was 1.8-fold higher in Effingham-
Albaqualf than LaSalle-Endoaquoll and 1.5-fold higher in
Effingham-Albaqualf than Champaign-Endoaquoll. Maize
stem P uptake at V7 varied by soil (p = 0.045) but leaf P
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FIGURE 1 Effect of struvite and monoammonium phosphate (MAP) fertilization, and no P fertilization (control), on maize (Zea mays

L.) (a) aboveground biomass (g plant ™), (b) leaf biomass (g plant ") and (c) stem biomass (g plant™'), at mid-vegetative growth stage (V7),
across three soils with adequate Mehlich-3 P (>25 mg kg™") concentrations representative of the US Maize Belt. Black dots indicate outlier
values. Each treatment combination (e.g., struvite x Champaign-Endoaquoll) was comprised of four replicates.
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Effect of struvite and monoammonium phosphate (MAP) fertilization, and no P fertilization (control), on maize (Zea mays

L.) (a) aboveground P uptake (mg plant™), (b) leaf P uptake (mg plant™") and (c) stem P uptake (mg plant™'), at mid-vegetative growth
stage (V7), across three soils with adequate Mehlich-3 P (>25 mg kg™ ') concentrations representative of the US Maize Belt. Black circles
within figures indicate outlier values. Each treatment combination (e.g. struvite x Champaign-Endoaquoll) was comprised of four replicates.

uptake did not (p =0.12) (Figure 2b,c). Both leaf
(p=084) and stem (p=0.31) P uptake were similar
between struvite and MAP. Stem P uptake was greater in
Effingham-Albaqualf by 1.8-fold relative to maize grown in
LaSalle-Endoaquoll and by 1.7-fold than Champaign-
Endoaquoll. Similar to biomass, maize aboveground and
leaf and stem P uptakes did not depend on the combination
of P fertilizer and soil.

3.1.1 | Soil-derived P in maize is greater than
fertilizer-derived P in adequate Mehlich-3
P soils

Fertilizer-derived P content in maize aboveground bio-
mass was 2.8-fold higher from MAP than struvite across
soils (p = 0.02), despite variation by soil (p = 0.044) in
fertilizer-derived leaf P (Figure S2A,B). Fertilizer-derived
leaf P content in Champaign-Endoaquoll was 1.76-fold
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higher than in LaSalle-Endoaquoll (Figure 3b). Relative
to struvite, MAP-derived P was 3.3-fold higher in stems
and 2.8-fold higher in leaves (Figure S2B,C). Similar to
biomass and P uptake responses, fertilizer-derived plant
P (total aboveground, leaf and stem) did not depend on
the combination of P fertilizer and soil (total above-
ground: p = 0.64; leaf: p = 0.66; stem: p = 0.76), indicat-
ing that maize uptake of P from struvite or MAP was
consistent across soils with a wide range in Mehlich-3
P. Across the three soils with adequate Mehlich-3 P
(>25mg P kg ') concentrations, 8% (struvite) to 22%
(MAP) of maize P was fertilizer-derived, and thus, 78%—
92% of maize aboveground biomass P was soil-derived
(Figure 3a). The proportion of soil-derived P was greater
for struvite (92%) than for MAP (78%) indicating plastic-
ity of maize in acquiring P from high Mehlich-3 P
concentration soils without a reduction in early-to-mid
vegetative stage biomass and P uptake. This could be due
to maize investing in P acquisition strategies such as
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FIGURE 3

Relative contribution of fertilizer (struvite and monoammonium phosphate [MAP]) to maize (Zea mays L.) (a) aboveground

biomass P (%), (b) leaf biomass P (%) and (c) stem biomass P (%), at mid-vegetative growth stage (V7), across three soils with adequate
Mebhlich-3 P (>25 mg kg~ ') concentrations representative of the US Maize Belt. Black circles within figures indicate outlier values. Each
treatment combination (e.g. struvite x Champaign-Endoaquoll) was comprised of four replicates.

mycorrhizae mutualisms, though whether this mutual-
ism operates for provide the host maize with P in the
non-limiting P conditions of our soils (based on
Mehlich-3 P concentrations) is a subject of debate
(Thirkell et al., 2017). However, in low soil P conditions
(e.g. 8mg P kg~' by Olsen extraction), maize exhibits
preferential uptake of P indirectly via mycorrhizal uptake
pathways over the direct root uptake pathway (Zhang
et al,, 2021). Another—and not mutually exclusive—
possibility is that maize preferentially uptakes P from the
close proximity fertilizer, but for lower solubility struvite
can make up the difference in P acquisition from soil
reserves if these are above thresholds of limitation as
proxied by soil Mehlich-3 P concentrations.

In leaves, we found 9% (struvite) to 27% (MAP) of P
was fertilizer-derived (Figure 3b). The relative contribu-
tion of fertilizer to leaf but not stem P (Figure 3b,c) was
higher for MAP than struvite by three-fold, indicating
that solubility of P fertilizer and thus presumably soil P
availability impacted leaf and not stem P accumulation
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from P fertilizer. Stem P might be more sensitive to fluc-
tuations in soil P availability and plant tissue P concen-
trations than leaf P due to greater remobilization of stem
P to grain (Khan et al., 2023; Rychter & Rao, 2005;
Wang & Ning, 2019). Maize may therefore be maintain-
ing sufficient stem P to avoid available P fluctuations
caused by P fertilizer solubility. For example, hybrid
maize fertilized at 0, 33 or 131 kg P ha ' on a calcareous
soil with a silt loam texture in Hebei province, China,
exhibited P substantial remobilization to grain from stem
(50%-85% of total P remobilized) that was greater than
remobilization from leaves (15%-50% of total P remobi-
lized) (Zhang et al., 2022). We found leaf (48% of total
biomass) and stem (51% of total biomass) mass were simi-
lar as a proportion of total biomass, and were not
impacted by P fertilizer solubility. Therefore, the impact
of fertilizer solubility on P content in leaf but not stem
could be potentially explained by the likely lesser sig-
nificance of leaf than stem P reserves in re-
translocation to grain.
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Our finding that 8%-22% maize P was fertilizer-
derived is broadly consistent with global cereal grain
apparent PUE for same-season P fertilization averaging
16% (i.e. indirectly determined by the omission approach)
(Dhillon et al., 2017). Similarly, in a recent 60 days green-
house study, maize P uptake from **P labelled KH,PO,
ranged 11.4%-14.5%, with fertilizer P contribution to
maize P uptake in soils inverse to Olsen P concentration
(Zheng et al., 2023). A varying but significant portion of
maize soil-derived P could be residual P accumulated
from prior fertilizer applications (Syers, 2008) and from
mineralization of organic P. Our studied soils were
relatively high in organic P (Sun et al., 2022), with also
relatively high activities of soil phosphatases that depoly-
merize (PDE) and mineralize (PME) organic P (Eivazi &
Tabatabai, 1977). Phosphatase activities in our soils
were higher than those reported under maize-based
cropping in Mollisols (WRB Chernozem) of northwest-
ern Illinois (Sun et al., 2022) and for PME exceeded the
global median of 2.1 pmol pNP g ' h™' identified by
meta-analysis (Nakayama et al., 2021). Additionally,
the differences in total soil organic P between the
LaSalle-Endoaquoll and Effingham-Albaqualf soils
aligned with the differences in phosphatase activities
observed in these soils. This suggests a higher potential
for P mineralization in the LaSalle-Endoaquoll com-
pared with the Effingham-Albaqualf.

3.1.2 | Differences in ammonium phosphate
fertilizer solubility are less than PUE
differences

As hypothesized, greater maize P derived from MAP than
from struvite suggests greater plant availability of MAP-P
due to its higher water solubility. However, the solubility
difference between MAP and struvite (32:1) is proportion-
ally 11-fold greater than the difference in contribution to
maize P from applied MAP versus struvite (2.7:1) indicat-
ing that water solubility of struvite alone might underes-
timate crop availability and uptake. While struvite and
MAP dissolution were not estimated in this study, a four-
fold difference in relative dissolution of MAP versus stru-
vite in granular form (2.8-3.0 mm diameter) was found
for the A horizon of a soil that was highly similar taxo-
nomically (Argiudoll; WRB Chernozem) as well as for
soil properties (e.g. mineralogy, pH, organic matter) as
the two Endoaquolls we evaluated (Di Tomassi
et al., 2021). This relative difference in dissolution was
proportionally 8-fold greater than the relative water solu-
bility difference between MAP and struvite, suggesting
that water solubility is a poor metric of crop availability
of struvite P—consistent with previous findings in
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calcareous soils (Meyer et al., 2018). Biotic factors such as
root exudation of organic acids (Talboys et al., 2016) and
abiotic factors such as soil pH (Hertzberger et al., 2020;
Ruiz-Navarro et al., 2023) in tandem with fertilizer physi-
cal properties such as specific surface area (Yang
et al., 2023) may expedite struvite dissolution rates and
hence crop availability of struvite P. Soil P extraction
methods such as Mehlich-3 are unlikely to reflect in situ
bioavailability, which is better predicted by sink-based
measurements likely due to roots acting as P sinks
(e.g. Santner et al., 2015). With total maize P uptakes
being similar and hence no plant growth limitation, soil-
derived maize P was 78% when fertilized with MAP and
92% with struvite. This indicates possible lag effects in
struvite dissolution in which P release from struvite in
early crop growth may not fully synchronize with crop P
needs. However, soil P compensated for the 14% lower
struvite contribution to crop P relative to MAP. Despite
appreciable variation in Mehlich-3 P concentrations
across soils (Table 1), the relative difference between
struvite and MAP contribution to maize P uptake was
highly similar across soils (Figure 3a—c), indicating that
struvite could potentially be a substitute P fertilizer to
MAP in adequate to high Mehlich-3 P soils and not
adversely impact plant growth through mid-vegetative
stage in maize.

3.2 | PUEis overall low and increases
with fertilizer solubility

Maize PUE of less than 5% was consistent with our
results of only 8%-22% of aboveground P uptake being
fertilizer-derived. However, between the ammonium
phosphate fertilizers, PUE for MAP was higher than stru-
vite as hypothesized and consistent with greater P disso-
lution from MAP that led to greater PUE by mid-
vegetative stage. PUE was consistently 2.6-fold lower for
struvite (1.9%) than MAP (4.9%) across soils (Figure 4)
(p = 0.005) regardless of the combination of soil and P
fertilizer (p = 0.63), indicating that lower PUE of struvite
relative to MAP was conserved across soils with wide var-
iation in Mehlich-3 P concentrations. Maize PUE of <5%
for MAP and struvite indicates that in soils managed to
agronomic standards to have ample P availability, early
season fertilizer PUE is low. This is consistent with the
majority of early growth stage crop P uptake being from
soil (Achat et al., 2014; Syers, 2008) and with same-sea-
son agronomic PUE of soluble fertilizers estimated indi-
rectly by the difference method to be 10%-25% (Dhillon
et al., 2017; Syers, 2008). However, the PUE values we
report are physiological PUE calculated using P in above-
ground biomass rather than agronomic PUE calculated
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FIGURE 4 Phosphorus use efficiency (PUE) of struvite and
monoammonium phosphate (MAP) at mid-vegetative growth stage
(V7) of maize (Zea mays L.) across three soils with adequate Mehlich-
3 P (>25 mg kg ') concentrations representative of the US Maize
Belt. Black circle within figure indicates outlier value. Maize PUE is
measured based on the amount of P in the biomass fraction obtained
from **P-labelled ammonium phosphate fertilizers relative to the total
fertilizer P added. Each treatment combination

(e.g. struvite x Champaign-Endoaquoll) was comprised of four
replicates.

using grain P (Moll et al, 1982; Ortiz-Monasterio
et al., 2001). Moreover, we measured physiological PUE
at maize growth until V7, at which stage the P needs of
maize are <25% of total P uptake by maturity (i.e. grown
to harvest) (Bender et al., 2013).

Projecting from our measured V7 P uptake values and
based on P uptake trajectories quantified by Bender et al.
(2013), PUE at harvest of maize grown in our studied
soils would be approximately 8% for struvite and 20% for
MAP. This forecasted agronomic PUE is based on maize
P uptake at V7 as a proportion of total maize P uptake by
harvest and assumes that the proportion of maize P
derived from fertilizer at V7 is constant throughout the
ensuing maize growth. As an illustration of potential
harvest-stage PUE of maize in our experiment, the esti-
mated 20% PUE for MAP agrees with directly determined
PUE seldom surpassing 25% in the same season of appli-
cation (Dhillon et al., 2017), meaning that approximately
three-fourths of crop P uptake is still expected to be soil-
derived. For example, directly determined PUE was 2.6%
for highly insoluble phosphate rock (Franzini et al., 2009)
and ranged 5.4%-21.0%, for water-soluble P fertilizers
such as triple superphosphate (TSP) (MattMattingly &
Widdowson, 1958; Mclaughlin et al., 1988; Mclaughlin &
Alston, 1986).

While same-season physiological PUE of struvite
(1.9%) was lower than that of MAP (4.9%), the potential
for sustained P release is high in struvite with consequent
increased P release rates with crop growth (Degryse
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et al., 2017; Rech et al., 2019). For example, granular stru-
vite (2.8-3.0 mm) dissolution over 35days in a fine,
smectitic, mesic Aquic Argiudoll (Flanagan series) soil
(pH 6.9), was similar to the two Endoaquolls (Drummer
series) at the LaSalle and Champaign sites in our study at
the surface sampling depth, as these two soil series are dis-
tinguished largely by subsurface drainage (Fehrenbacher
et al., 1984), in the presence of tomato (Solanum Lycopersi-
cum L.) (Di Tomassi et al., 2021). Struvite dissolution was
22.7%, approximately four-fold lower than the 87.8% disso-
lution of MAP (Di Tomassi et al., 2021). In a sandy loam
Eutric Cambisol (pH 6.0) in the presence of wheat, struvite
dissolution was 26% at 90 days in contrast to >80% of DAP
(Talboys et al., 2016). The high proportion (75%) of undis-
solved struvite granules after 90 days indicates struvite
persistence long after dissolution of MAP, the extent of
which would likely depend on biotic and abiotic drivers of
dissolution such as crop P uptake, soil pH and P fixation
in soil (for further discussion on struvite and MAP dissolu-
tion, see section 3.3). Multiseason PUE of MAP and stru-
vite is expected to be higher than single in-season PUE
and can be up to 90% when calculated over a sufficiently
long time scale by the P balance or P surplus method
(i.e. P applied minus P removed) (Syers, 2008; Zou et al.,
2022). Estimating PUE by the balance method includes
native soil P and/or residual fertilizer P, meaning that
PUE will likely be overestimated. With expected greater
losses in P from MAP than struvite, multiseason PUE is
hypothesized to be greater for struvite than MAP.

3.3 | Similar contributions of struvite
and MAP to soil solution P

Contrary to our hypothesis of lower struvite contribution
to soil solution P than MAP, ammonium phosphate fertil-
izers of differing solubility did not differ in contribution
to WEP (Figure 5a,b; Figure S3), which was unexpectedly
consistent across soils despite a 125% difference in WEP
concentrations. Soil WEP at harvest was similar for stru-
vite and MAP across soils (p = 0.12) (Figure 5a). That
WEP in soils at the end of early-stage maize growth did
not differ between struvite and MAP could reflect distinct
temporal dynamics of struvite versus MAP dissolution.
Since P uptake and PUE from struvite was lower than
MAP across soils, similar contribution to WEP from both
struvite and MAP could be due to the slow-release of P
from struvite, proposed to result from low water solubil-
ity of struvite (Gu et al., 2020). A greater proportion of
crop P demand during early growth may have been sup-
plied from MAP than struvite and the remainder met by
soil P. However, as P release from struvite increased over
time, struvite contribution to WEP may have become
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maize (Zea mays L.), across three soils with adequate Mehlich-3 P (>25 mg kg ') concentrations representative of the US Maize Belt. Black
circles within figures indicate outlier values. Each treatment combination (e.g. struvite x Champaign-Endoaquoll) was composed of four

replicates.

equal to that of MAP by V7. Since we sampled away from
the placed fertilizer and took care to remove any visible
fragments of struvite (or MAP), and because WEP extrac-
tion was conducted using a soil:solution ratio of 1:10 for
30 min in 18.2 mQecm water that minimizes (<5%) disso-
lution of struvite during soil extraction (Gu et al., 2021),
it is unlikely that dissolution of residual struvite in the
water extraction would have overestimated WEP concen-
tration and struvite contribution to WEP. Talboys et al.
(2016) found that while only 9% struvite had dissolved by
36 days, 26% had dissolved by 90 days in soils with grow-
ing wheat. Importantly, reduced early plant growth from
struvite observed by others (e.g. Talboys et al., 2016) did
not manifest in low yields due to sustained release of P
from struvite. Though we did not quantify struvite and
MAP dissolution, the powder form (<0.1 mm) of synthe-
sized struvite and MAP used would be expected to entail
higher dissolution than reported for granular struvite.
Particle size would be expected to have an minimal
impact on MAP dissolution relative to struvite given
>90% water solubility of MAP (Buchanan &
Winner, 1920).

Previous work indirectly supports our direct determi-
nation via radioisotopic labelling that struvite contribu-
tion to soil solution P can match that of high water
solubility fertilizers such as TSP and MAP when present
as finer particle size diameters. Due to radiolabelling
requiring synthesis of struvite and MAP at timescales
shorter than what is required for large crystal forma-
tion (Shaddel et al., 2019) and precluding the use of
commercial-scale granulizing equipment (Gargouri
et al., 2012), synthesized radiolabelled ammonium
phosphate fertilizers were <0.1 mm diameter. Though
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not necessarily reflective of granular forms of these fer-
tilizers (usually 0.5-3 mm diameter) used in commer-
cial agriculture, this was a necessary trade-off of
radiolabelling. Moreover, struvite produced on large-
scale as a fertilizer (e.g. bagging, application) often has
fine particles <0.1 mm (e.g. Agrawal et al., 2018;
Shaddel et al., 2019). In a meta-analysis evaluating the
agricultural potential of struvite, Hertzberger et al.
(2020) identified struvite dissolution to be inversely
proportional to particle size, and reported that finely
ground struvite did not differ from water-soluble P fer-
tilizers in supporting vegetative growth of a diversity of
crops. In a rhizotron study of soybean grown in peat
substrate (i.e., not mineral soil) fertilized with a pow-
dered polysulfide-phosphate composite (<1 mm) of a
polysulfide matrix containing dispersed struvite, P con-
tents were similar in the growing substrate as when fer-
tilized with ground TSP and ammonium sulfate
(<1 mm) at the end of the 40 day experiment (Valle
et al., 2022).

Despite our finding of similar struvite contribution to
WEP as MAP in early stage maize growth, there is lim-
ited but generally positive evidence that (granular) stru-
vite can reduce dissolved P losses compared with MAP.
For example, in rainfall simulation runoff experiments
comparing granular struvite (2.4 mm mean diameter)
and MAP (2.5 mm), dissolved P losses from struvite were
<3% versus 42% from MAP following 30 min rain events
at 1, 5, 15 and 30 days after fertilizer application to peren-
nial ryegrass (Lolium perenne) (Everaert et al., 2018).
Thus, soluble P loss risk from struvite by using WEP as a
proxy could be same as MAP in these high Mehlich-3 P
soils if fine-sized struvite (<0.1 mm) is used. For example,
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Gu et al. (2021) found higher (10%-15% versus <1%) stru-
vite dissolution rates with 16 h versus <0.5 h extraction
time in 18.2 mQecm water. Over a typical maize crop-
ping season of 130-150 days, struvite dissolution could
be much higher, as illustrated by seven-fold greater
Olsen P in the same Endoaquoll (Drummer series) as
in our study, fertilized with ground struvite (<0.5 mm)
than granular struvite (2-4 mm) in a 73 day green-
house experiment with kale (Brassica oleracea var.
sabellica Cv. Lacinato) (Gu et al., 2020).

3.4 | Implications of struvite as a P
fertilizer in adequate Mehlich-3 P soils
representative of the US Maize Belt

Our results indicate that in the adequate to high
Mehlich-3 P soils common in the US Maize Belt, struvite
is as effective as MAP as a P source for maintenance
applications, with no apparent adverse impact on vegeta-
tive maize P uptake and growth. Consistent with recent
evidence that grain yields of maize (Kokulan et al., 2024)
and soybean (Leon et al., 2024) are not decreased by sub-
stitution of water-soluble P fertilizers with struvite in
maintenance applications, our results demonstrate that
struvite can be fully substituted for MAP in majority of
US Maize Belt soils that maintain sufficient soil P levels.
This raises the question of whether sufficient struvite
could be produced within the US Maize Belt (Margenot
et al., 2019; Ruffatto et al., 2022). However, a recovery of
only 37% of potentially recyclable P in waste streams
would be sufficient to meet the total annual maize P
demand of the US, and 74% of maize P demand in the US
Maize Belt could be met by recycling P from waste
streams through forms such as struvite (Margenot
et al., 2019; Metson et al., 2016).

Our results also indicate that the majority (up to
92%) of early growth maize P uptake was soil-derived,
but could vary by a factor of 2.8 depending on fertilizer
solubility. This supports increasing low same-season P
use efficiency estimated by difference (e.g. Dhillon
et al., 2017), and suggests significant luxury consumption
of P from highly soluble P forms by maize in adequate
Mehlich-3 P soils. Low fertilizer P utilization as mainte-
nance application in the same season of application does
not necessarily negate the value of fertilizer, as the resi-
duality of P enables multiyear use of fertilizer by subse-
quent crops. Applying nutrients on a maintenance basis
(i.e. achieving a neutral mass balance) has been proposed
for N (Yan et al., 2020) and is tacitly implied in regional
recommendations (Culman et al.,, 2020; Fernandez &
Hoeft, 2009). Nonetheless, our results still point to the
potential of increasing soil P wusage to reduce P
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fertilization in soils with adequate soil Mehlich-3 P con-
centrations by using lower solubility P fertilizers such as
struvite. Residual P in agricultural soils has been sug-
gested to be sufficient in magnitude to sustain global crop
yields worldwide for approximately 100 years. However,
this assumes relatively high bioavailability of residual P,
which is unlikely (Margenot et al., 2024) and would likely
require the use of ‘P activators’ such as phosphatase
enzymes, mycorrhizae and/or low molecular weight
organic acids that mineralize residual P immobilized in
organic pools or fixed as inorganic P (Zhu et al., 2018).
Increasing crop usage of soil P can mitigate effects of
increasing costs and volatility of P fertilizers (Brownlie
et al., 2023), increasing profitability and reducing P loss
risk to surface waters (Sharpley, 1995).
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