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Abstract
Struvite (MgNH4PO4·6H2O) is a wastewater-derived phosphorus (P) fertilizer with

potential to reduce P as well as nitrogen (N) losses due to its low water solubility.

To test hypothesized lower P and N losses from struvite relative to monoammo-

nium phosphate (MAP), field experiments with a randomized-complete block design

were conducted in central (Urbana) Illinois on an Endoaquoll-Argiudoll complex

and in southern (Ewing) Illinois on a Fragiudalf-Hapludalf complex. Fertilizer was

broadcast applied in the fall prior to spring planting of soybean (Glycine max L.)

at a maintenance rate of 29.5 kg P ha−1 (Urbana) and 22.0 kg P ha−1 (Ewing). In

the spring, soil extractable N and Mehlich 3-P at 0- to 15-cm and 15- to 35-cm

depths were determined, and leached N and P were estimated using fall-installed

ion-exchangeable resin (IER) lysimeters. At Urbana, soil extractable nitrate-N was

higher under MAP than struvite at 0- to 15-cm depth. At Ewing, soil Mehlich 3-P

under struvite was lower than MAP at both depths. At Urbana, leached P was 10-fold

lower, and leached N was twofold lower under struvite than MAP. Soybean yields

were similar between MAP and struvite at Urbana (4.1–4.3 Mg ha−1) and Ewing

(3.2–3.5 Mg ha−1), but at Ewing yields were 23% higher under struvite compared

to the P-unfertilized control. Off-season yield-scaled P and N losses under struvite

were lower than MAP by 51% at Urbana and by 10% at Ewing. Our results support

the hypothesized potential of struvite to reduce nutrient losses while meeting crop P

needs. Additionally, we identify disproportionally greater reductions in N leaching

and yield-scaled N losses by substituting struvite for MAP in fall applications, indi-

cating that struvite can offer greater relative benefits for N loss reduction than P loss

reduction.

1 INTRODUCTION

The use of phosphorus (P) fertilizers is necessary to sustain

agricultural production by replacing harvest-based exports of

this essential plant nutrient. Conventional ammonium phos-

Abbreviations: IER, ion-exchangeable resin; MAP, monoammonium

phosphate.

© 2023 The Authors. Journal of Environmental Quality © 2023 American Society of Agronomy, Crop Science Society of America, and Soil Science Society of America.

phate fertilizers such as monoammonium phosphate (MAP)

diammonium phosphate (DAP) are the main P inputs in the

US Corn Belt (Osteen et al., 2012) and are highly water sol-

uble (>97%; IPNI, 2019). However, the high solubility of

ammonium phosphate fertilizers means that P as well as N

applied are susceptible to losses, particularly during the off-

season months following the fall application of P fertilizers

common across the US Corn Belt (Fernández et al., 2010).
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Off-farm losses of soluble P and N negatively impact water

quality locally and regionally, which for the US Corn Belt

has led to eutrophication in the Gulf of Mexico (Sharpley

et al., 1999). At the same time, recovery of P from wastew-

ater streams continues to increase in industrialized regions

with sanitation infrastructure (Metson et al., 2016; Trimmer

et al., 2020). Thus, P inputs can be recycled via capture

at point sources and reuse at agricultural sinks, which are

also non-point sources. Struvite (MgNH4PO4·6H2O) is a

prime example of wastewater-derived fertilizer that enables

P recycling while also offering potential water quality bene-

fits in the non-point source sector by virtue of its low water

solubility.

In contrast with commonly used ammonium phosphates,

the low water solubility of struvite could reduce P and N

loss risk when used as a fertilizer (Margenot et al., 2019).

However, no studies have tested hypothesized reductions of

P and N losses under struvite relative to highly water-soluble

ammonium phosphate fertilizers such as MAP at the field

scale, perhaps in part because these fertilizers are catego-

rized by the US Department of Agriculture as P and not N

fertilizers (Decock, 2014; Margenot & Lee, 2023). Though

N from fall-applied ammonium phosphates is assumed to

be readily available in the spring, commonly perceived as

a benefit of using these fertilizers as a P source (Maq-

sood et al., 2022; Pagani et al., 2013), limited field-scale

evaluations have found that only 30% of the N applied

in the fall as MAP or DAP was recovered in the spring

as extractable soil inorganic N at 30-cm depth (Fernández

et al., 2010). This suggests that two-thirds of N may have

been lost from the rooting zone, likely via leaching and

gaseous emissions (Fernández et al., 2010), though these loss

pathways were not measured. Struvite is expected to have

lower N leaching compared to MAP, reducing N losses that

may occur during the offseason following fall application

(Margenot & Lee, 2023). Field-scale evaluations of reduced

P and N losses hypothesized for struvite relative to MAP or

DAP are needed to quantify the extent to which P and N

are leached.

Fertilizer P and N losses can be estimated by accounting

for losses from plots with no fertilizer applied, known as the

omission approach (Buresh & Witt, 2007), or by mass bal-

ance that considers recovery of P and N in sinks or pools

(e.g., soil, leachate) relative to fertilizer input (Lesschen et al.,

2007). Variability in non-fertilizer P and N leaching (i.e.,

soil-derived) can impact apparent recovery and thus P and

N losses attributable to fertilizer. In addition to quantifying

P and N losses on an area basis (kg ha−1), losses can be

normalized to agricultural productivity (kg Mg−1 grain). To

account for potential differences in P and N losses among

fertilizers, off-season yield-scaled values can be used to con-

textualize nutrient losses by normalizing the amount of N or

P lost per unit of grain yield produced (Zhao et al., 2016).

Core Ideas
∙ Lower P and N leaching hypothesized for struvite

relative to monoammonium phosphate (MAP) was

tested at two sites in Illinois.

∙ Relative to MAP, P leaching was two orders of

magnitude lower and N leaching was 1.7-fold

lower under struvite.

∙ Struvite reduced soybean grain yield-scaled P and

N losses by 10%–24%.

∙ Partial (agronomic) mass balances of P and N were

driven by leaching losses.

∙ Struvite can reduce P and N leaching losses

without compromising soybean yields.

Determinations of yield-scaled N losses have focused primar-

ily on maize, which receives annual N fertilizer inputs (Greer

& Pittelkow, 2018; Zhao et al., 2016), though N losses from

fall-applied ammonium phosphate fertilizers are relevant for

soybean yield-scaled losses.

This study tested hypothesized lower leaching of P and N in

soils fertilized with struvite relative to MAP and anticipated

lower off-season yield-scaled losses for soybean cropping sys-

tems in the North Central United States. Specific objectives

were to (1) quantify differences in P and N leaching from

MAP versus struvite, (2) compare P and N leaching between

two soil types of contrasting organic matter (OM) content, (3)

determine the soil-based fate of P and N of fall-applied MAP

and struvite prior to spring planting, and (4) evaluate soy-

bean yield and off-season yield-scaled P and N losses between

MAP and struvite. We expected struvite to have lower pro-

portional phosphate-P and nitrate-N leaching loads (i.e., as a

percent of P and N applied) compared to MAP. Additionally,

we anticipated that the Urbana site (Mollisol) with higher OM

would have greater non-fertilizer P and N leaching compared

to the Ewing site (A) with lower OM. We also developed a

partial mass balance of agronomically relevant pools of soil

and leachate to determine recovery of fertilizer P and N after

the offseason. We hypothesized that P and N agronomic mass

balances would be <100% for struvite because struvite does

not fully dissolve in the winter and spring months following

fall application (Gu et al., 2021). In contrast, we expected

the agronomic mass balance for MAP to approximate 100%

(i.e., full recovery of P and N in soil extractable and leachate

pools). Additionally, we anticipated that MAP agronomic bal-

ances for P and N would entail a greater proportion of P

and N in leachate than struvite due to greater water solubil-

ity of MAP. Finally, we hypothesized that MAP and struvite

would support comparable soybean yields given adequate soil

P availability, and that as a result lower P and N losses under
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struvite would drive lower off-season yield-scaled losses for

struvite relative to MAP.

2 MATERIALS AND METHODS

2.1 Site description

Field experiments were conducted at the University of Illinois

Crop Science Research and Education Center (N40˚04′57.8″;

W88˚13′38.4″) in Urbana, Illinois, and at the Univer-

sity of Illinois Extension Ewing Demonstration Center

(38˚05′38.6″N 88˚50′42.9″W) at Ewing, Illinois. Urbana has

a mean historical (1989–2021) annual precipitation amount of

940 mm, a mean annual temperature of 11˚C, and is located on

the Drummer-Elburn complex (fine-silty, mixed, superactive,

mesic Typic Endoaquolls and Aquic Argiudolls), with approx-

imately 5.4% OM at 0- to 15-cm depth. The Urbana site was

under a maize–soybean rotation, with the field trial occurring

during the soybean phase that included fall fertilization (Dec

2020) before spring planting (April–June 2021) and harvest in

October 2021. This enables testing hypothesized differences

in N leaching among ammonium phosphate fertilizers at both

sites because no additional N was applied to soybean beyond

the fall application of ammonium phosphate fertilizer as a P

source, as per common practice in the Midwest United States

(Mallarino et al., 2009). Plots at the Urbana site were chisel

plowed after maize harvest and before the planting of soy-

bean. Ewing has a mean annual precipitation of 1067 mm,

a mean annual temperature of 13˚C, and is situated on the

Ava-Blair complex (fine-silty, mixed, active, mesic Oxyaquic

Fragiudalfs and Aquic Hapludalfs) with approximately 2.4%

OM at 0- to 15-cm depth (Soil Survey Staff, 2015). Maize was

grown in the preceding season in the two northernmost blocks

and soybean in the three southernmost blocks (see Section 2.2

Experimental Design) at Ewing. Plots at Ewing were under

no-tillage, reflecting regional practices (Ebelhar et al., 2000).

Mean soil Mehlich-3 P concentrations at the 0- to 15-cm depth

were 34.1 mg kg−1 and 27.3 mg kg−1 at the Urbana and Ewing

sites, respectively. Regional Mehlich-3 P critical soil test val-

ues are 22.5 mg kg−1 for the central region of Urbana and

25.0 mg kg−1 for the southern region of Ewing (Fernández

et al., 2010).

2.2 Experimental design

At each site, a randomized complete block design was used

to test differences in soil P and N, P and N leaching, soy-

bean yield, and off-season yield-scaled N and P losses under

MAP (MAP; 11% N, 22.7% P) compared to struvite (5% N,

12.2% P). The three treatments were struvite fertilizer, MAP

fertilizer, and the P-unfertilized control, included to test the

hypothesis of higher background leaching at Urbana com-

pared to Ewing. Fertilizers were applied at a rate of 29 kg P

ha−1 at Urbana and 22 kg P ha−1 at Ewing. All treatments

were replicated once in each of five blocks at each site in

6.1 m × 13.1 m plots. Soil Mehlich-3 P was used to determine

P fertilizer application rate. Given adequate soil Mehlich-3

P concentrations, a maintenance P application rate for each

site was determined based on the recommended replacement

rate of 5.46 kg P Mg−1 soybean grain (Villamil et al., 2019).

Fertilization occurred at Urbana on December 10, 2020,

and at Ewing on December 11, 2020. Soybean management

practices followed Illinois Agronomy Handbook recommen-

dations, using plant densities of eight rows of soybean planted

with 76-cm row spacing per plot.

2.3 Soil sampling and analysis

Soils were sampled by hand augering before planting to com-

pare treatment effects on soil P and N and to conduct a

mass balance of fertilizer P and N. Triplicate soil cores (2-

cm diameter) per plot were sectioned into 0- to 15-cm and

15- to 35-cm depths and composited (n = 30). Field-fresh

soils were extracted on an oven-dry mass basis using 2 M

KCl (1:5 m/v), and ammonium-N and nitrate-N in extracts

were quantified colorimetrically (Nelson, 1983). Soils were

then air-dried, sieved to <2 mm, and extracted by Mehlich-

3 solution with quantification of P by molybdate colorimetry

(Pierzynski, 2000).

2.4 P and N leaching

Ion-exchange resin (IER) lysimeters were installed in fall

2019 and harvested in spring 2020 to quantify nitrate-N,

ammonium-N, and phosphate-P leaching through the adsorp-

tion of ions by dual-ion exchangeable resins as leachate passes

through the lysimeter (Langlois et al., 2003; McIsaac et al.,

2010; Susfalk & Johnson, 2002). Lysimeters were constructed

using a polyvinyl chloride (PVC) coupler with an inner diam-

eter of 6 cm and height of 7.2 cm, loaded with 30 g of

IER beads packed equally among two 150-μm mesh diameter

nylon mesh bags. The PVC coupler was filled with washed

quartz sand to surround the IER bag and secured with cheese-

cloth and rubber bands for storage until installation. IER

lysimeters were installed at Urbana on October 16, 2020,

and at Ewing on December 1, 2020, then left throughout the

offseason until harvest in the spring on April 12, 2021, at

Urbana and May 5, 2021, at Ewing (178 and 155 d total in

the ground). A narrow trench was dug to 40-cm depth, and a

horizontal cavity at the bottom of the hole was made to avoid

preferential vertical flow into the IER lysimeter. IER lysime-

ters were inserted into the horizontal cavity, and the hole
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26 LEON ET AL.

was backfilled. Triplicate lysimeters were installed in each

experimental unit (n = 45 per site).

IER lysimeters were extracted for P and N using 1 M KCl in

four sequential extractions at a 1:2 resin mass to KCl solution

ratio. Extracts were combined and analyzed colorimetrically

for ammonium-N through the salicylate method (Nelson,

1983), nitrate-N via vanadium (III) reduction (Miranda et al.,

2001), and molybdate-reactive P (Pierzynski, 2000). The

mass of N and P extracted from IER was normalized to

the cross-sectional area (approximately 28 cm2) of the IER

lysimeter to estimate P and N leachate loads (kg ha−1). To

ensure accuracy of IER lysimeter estimates of leachate loads,

the mass of N and P extracted from IER beads was corrected

for incomplete recovery using recovery of known concentra-

tions of KNO3 and NH4H2PO4, determined separately.

2.5 Yield and agronomic N and P mass
balances

Agronomic mass balances f P and N from struvite and MAP

were calculated based on the following equation:

(SF − SC) + (LF − LC)
𝑅

× 100

where SF is the soil P or N (kg ha−1) from the fertilized treat-

ment plots, SC is the soil P or N from the unfertilized control

plots, LF is the leached P or N (kg ha−1) from the fertilized

treatment plots, LC is the leached P or N from the unfertilized

control plots, R is the applied P or N rate of the fertilizer (kg

ha−1).

Sink pools in the agronomic mass balances were soil

extractable P or N at a 0- to 35-cm depth and IER leaching P or

N at a 33-cm depth, summed for total recovered nutrient load

(kg ha−1). At the plot level, the control treatment was used to

account for non-fertilizer P and N soil and leachate pools by

subtracting loads in the unfertilized control plots from loads

in the fertilized plots. Subplot values from the triplicate IER

lysimeters per plot were averaged for leached P and N. Soil-

extractable N and P and leachate N and P loads attributable to

struvite or MAP were summed to derive total recoverable N

or P, and divided by the amount of P and N applied from stru-

vite or MAP to determine the agronomic mass balance (%) of

N and P from fertilizer.

An agronomic mass balance of 100% indicates that all

the fertilizer P or N from the fertilizer was accounted for

as extractable soil or leachate P and N from the offseason.

Agronomic mass balances >100% indicates that recovery of

fertilizer from soil and leachate N or P was greater than the

amount of fertilizer applied. When agronomic mass balances

are <100 but >0%, fertilizer P or N is not completely recov-

ered during the offseason. In cases where agronomic mass

balances are <0%, recovery of soil and/or leachate N and P

is lower than that of the unfertilized control, resulting in a

negative value.

2.6 Statistical analyses

In R and RStudio, a two-way analysis of variance (ANOVA)

with fertilizer treatments (struvite, MAP, control), site

(Urbana, Ewing), and block as main effects was conducted.

Assumptions of normality and equal variance were examined

and confirmed before conducting ANOVA tests. A Tukey post

hoc means separation using the TukeyHSD() function from

the R stats package was used to determine differences among

treatments (R Core Team, 2022).

3 RESULTS

3.1 Soil P and N differences between MAP
and Struvite

Soil Mehlich-3 P concentrations were similar among soils

fertilized with MAP, struvite, or no P (i.e., control) at 0- to

15-cm and 15- to 35-cm depths at Urbana (Figure 1). Soil

nitrate-N under struvite was 1.3-fold higher compared to MAP

(p = 0.012) at the 0- to 15-cm depth, and two orders of mag-

nitude lower compared to MAP at the 15- to 35-cm depth

(p = 0.002). At Ewing, soil Mehlich 3-P under struvite was

2-fold lower than MAP at the 0- to 15-cm depth (p = 0.009).

At the 15- to 35-cm depth, Mehlich 3-P under struvite was

6.5-fold lower than MAP (p = 0.039) and 4-fold lower than

the unfertilized control (p = 0.003). Soil Mehlich-3 P at 0–

15 cm was 2- to 3-fold higher than at the 15- to 35-cm depth,

regardless of treatments. There was no significant difference

in soil nitrate-N across all treatments and depths, and nitrate-

N was higher at the 15–35 cm relative to the 0- to 15-cm

depth regardless of treatments. At the 15- to 35-cm depth, soil

nitrate-N under the unfertilized control was higher at Ewing

only.

3.2 Leached P and N

At Urbana, phosphate-P leached under struvite was nearly an

order of magnitude lower than under MAP (p = 0.021), but

there were no differences in leached phosphate-P at Ewing

between P fertilizers (Figure 2). As the phosphate-P leached

from the unfertilized control was higher than struvite at both

sites, leached phosphate-P as a proportion (%) of applied stru-

vite P was less than zero. For MAP, leached phosphate-P

as a percentage of applied MAP-P was 10% at both sites,

though more variable at Ewing. Nitrate-N leached under stru-

vite was 2-fold lower than MAP at Urbana, but nitrate-N
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LEON ET AL. 27

F I G U R E 1 (A) Soil Mehlich-3 P and (B) soil nitrate-N at 0–15 cm and 15–35 cm depths at Urbana. (C) Soil Mehlich-P and (D) soil nitrate-N

at 0–15 cm and 15–35 cm depths at Ewing. Same letters or no letters on graph indicate there were no significant differences among treatments, for a

given depth.

leachate loads were similar across sites (Figure 3). Nitrate-

N leached at Ewing was on average lower than all treatments

compared to Urbana, albeit with greater variability. Leached

ammonium-N was overall negligible (<1% of leached

inorganic N).

3.3 Agronomic mass balance of P and N for
MAP and struvite

To test hypothesized partial recoveries under struvite due to

lower dissolution and complete recoveries under MAP due to

the latter’s higher solubility, agronomic mass balances based

on soil extractable P and N and leachate loads were calcu-

lated.Agronomic N mass balances were 249% for MAP and

112% for struvite at Urbana, and 339% for MAP and 289%

for struvite at Ewing (Figure 4). Fertilizer N mass balances

were driven by leached N, whereas fertilizer P mass bal-

ances were driven by soil-extractable P. At Urbana, fertilizer

P mass balances for MAP were 86% and 64% for struvite.

Soil-extractable P was 98% of the MAP mass balance, while

soil P constituted 64% of the struvite mass balance. At Ewing,

the fertilizer P mass balance was 166% for MAP and 36% for

struvite, dominated by P recovered as soil extractable P.

3.4 Yield and off-season yield-scaled losses
of N and P from MAP and Struvite

Soybean grain yields were similar between MAP and struvite

at both sites (Figure 5). However, yields at Ewing were 1.3-

fold higher under struvite relative to the unfertilized treatment

(p = 0.006). Soybean grain yields across treatments ranged

4.1–4.3 Mg ha −1 at Urbana and 3.2–3.5 Mg ha −1 at Ewing.

Off-season yield-scaled N losses under struvite were nearly

2-fold lower than the unfertilized control at Urbana, though

off-season yield-scaled N losses were similar among treat-

ments at both sites. Struvite off-season yield-scaled P losses

under struvite were an order of magnitude lower than MAP at

Urbana (p = 0.007) and nearly two orders of magnitude lower

than MAP at Ewing (p = 0.041). However, there were no

differences in off-season yield-scaled P losses between sites.
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28 LEON ET AL.

F I G U R E 2 Leached phosphate-P loads at 35-cm depth as kg ha-1 from (A) Urbana and (B) Ewing. Leached phosphate-P as percent of applied

P from (C) Urbana and (D) Ewing. Difference letters indicate significant differences. p values are at different levels of significance where * is <0.05,

** is <0.01, and ns is not significant.

4 DISCUSSION

4.1 P and N leaching differences between
MAP and struvite

Using field-scale evaluations, our findings demonstrate that

struvite can reduce N leaching relative to MAP when used

as an alternative P source in fall application. Soil nitrate-

N at the 15-35 cm depth and lysimeter N leachate loads

were significantly lower under struvite relative to MAP at

Urbana, supporting the hypothesis of lower N leaching in

soils receiving fall applications of P as struvite. This likely

reflects differences in dissolution between struvite and MAP.

As hypothesized, P leaching from struvite was also lower

than MAP. Moreover, reductions in N leaching with struvite

relative to MAP were fourfold greater than for P leaching,

indicating a greater relative reduction in leaching of N than

P with struvite substitution for MAP.

Significantly lower P leaching from struvite compared to

MAP identified at the field-scale in our study is consistent

with findings by previous, albeit limited, studies at the sub-

field scale. In a rainfall simulation experiment, dissolved

reactive P in surface runoff was 10-fold lower from struvite

compared to MAP (Everaert et al., 2018), a greater relative

reduction than the 1.3- to 2-fold lower P leaching measured in

our field experiments over multiple months. While P is more

likely to be lost as surface runoff, N is preferentially lost via

leaching due to greater mobility through the soil matrix, with

relatively minor (<5%) losses via gaseous emissions (Gentry

et al., 2009). Lower mobility of phosphate-P likely explains

4- and 14-fold higher soil extractable P from MAP and stru-

vite at 0-15 cm depth versus 15-35 cm depth, respectively,

across sites, and explains why only 10% of MAP-P but 87%

of MAP-N was leached.

Negative recoveries of P and N under struvite are a mathe-

matical result of P and N leaching in the unfertilized control

being greater than leaching from of soils fertilized with stru-

vite, leading to the amount of P and N leached attributable

to struvite by difference less than zero. Incomplete dissolu-

tion of struvite may partly explain negative recoveries. On a

similar soil type as our Urbana site, approximately 35%–50%

of struvite remained undissolved after 138 d following fall
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F I G U R E 3 Leached nitrate-N loads at 35 cm depth as kg ha-1 from (A) Urbana and (B) Ewing. Leached nitrate-N as percent of applied N from

(C) Urbana and (D) Ewing. Difference letters indicate significant differences. p values are at different levels of significance where * is <0.05, ** is

<0.01, and ns is not significant.

application (i.e., to pre-plant in April), whereas MAP gran-

ules were fully dissolved (Gu et al., 2021). Though we did not

measure struvite dissolution at our field sites, incomplete dis-

solution would contribute to apparent lower recovery values

since the fertilizer pool would not be accounted for in the soil

extractable or leachate pools measured.

Though the use of IER lysimeters to determine leaching has

potential limitations, this approach still enables evaluation of

relative differences in N and P leaching. Preferential flow is a

potential issue with the use of IER lysimeters, as installation

loosens soil (Behnke et al., 2012; Greer & Pittelkow, 2018;

McIsaac et al., 2010), even with efforts to avoid preferential

flow (see Methods). Nonetheless, IER lysimeters are simple to

assemble and manage, can be stored for long periods of time

until analysis, and provide a reasonable estimate of leaching.

Other methods to estimate leaching include traditional lysime-

ter methods and tile drainage monitoring, both of which can

overestimate leaching (Bergström, 1987; Wang et al., 2012).

More broadly, additional work is needed to verify the accu-

racy of IER lysimeters for estimating nutrient leaching, such

as comparison of estimate leachate loads with loads measured

in monitored tile drains.

4.2 Comparison of leaching between
Flanagan and Ava sites

Nitrate-N and phosphate-P leachate loads from the unfer-

tilized control were higher at Urbana than at Ewing. This

supports the hypothesis that higher OM content at the Urbana

site would lead to higher non-fertilizer N and P leaching, and

it is consistent with other field studies reporting non-negligble

N and/or P leaching from soils without fertilization due to OM

mineralization (Lawlor et al., 2008). In particular, the unfer-

tilized control at Urbana leached on average twice as much

nitrate-N and phosphate-P compared to soils under struvite

fertilization, resulting in calculated phosphate-P and nitrate-

N attributable to struvite being less than zero. Estimating

nutrient losses by difference (i.e., the omission method)

becomes difficult to interpret when values measured for

the unfertilized controls are higher than for the fertilized

treatment(s) (i.e., negative values). Though high fertilizer

application rates can avoid greater values of recovered nutri-

ents in the unfertilized control relative to fertilized treatments,

the magnitude of applied fertilizer can be unrealistically high,

such as 172 kg P ha−1 as MAP or 101 kg P ha−1 as DAP in
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F I G U R E 4 Agronomic mass balance of (A) N and (B) P for

monoammonium phosphate (MAP) and struvite at Urbana and Ewing,

separated by soil exctractableand leached pools for each treatment.

Error bars represent standard errors of the mean, with light grey colored

errors bars representing soil N or P and black colored error bars as

leached N or P. Uppercase letters indicate differences among treatments

for soil exctractable pools and lowercase letters indicate differences

among treatments for leachate pools.

Fernandez et al. (2010). Discrepancies in estimates of nutrient

losses by difference points to the need for direct quantification

via isotopic labeling of fertilizers (e.g., Djodjic et al., 1999).

4.3 Agronomic mass balance of fall-applied
MAP and struvite

Agronomic fertilizer P mass balances <100% from fall-

applied struvite are consistent with incomplete dissolution

of struvite and thus an apparent under-recovery based on

soil extractable P leaching, which accounted for <1% of the

agronomic P mass balance for struvite but 25% for MAP.

Struvite also had a lower contribution (1.3- to 4-fold) of

soil extractable P to the agronomic fertilizer P mass balance,

whichcould reflect the incomplete dissolution of struvite. As

>50%–64% of granular struvite (same manufacturer) dis-

solved within the year after fall application in a similar soil

type as our Urbana site (Gu et al., 2021), it is likely that no

more than half of fall-applied struvite had dissolved by spring

when soil and leachate N and P pools were measured.

As the agronomic mass balance is based on the input of fer-

tilizer, percentages that are greater than zero but also <100%

indicate incomplete recovery of fertilizer, which for our study

refers to the recovery of P and N in the spring prior to plant-

ing following fall application. Partial dissolution of struvite

over the course of a growing season is well supported, and

one evaluation on the same soil type as our Urbana site

(Typic Endoaquoll) over the course of spring application to

maize (Zea mays L.), totaling 138 d, found dissolution of stru-

vite assessed by recovering and weighing remaining granules

to range from 50%–65%, and complete dissolution of MAP

(Gu et al., 2021). At a shorter timescale of 72 d under tomatoes

(Solanum lycopersicum L.) grown in pots with the A horizon

of a similar soil type (Aquic Argiudoll), struvite dissolution

was only 22%, 4-fold lower than MAP (Di Tomassi et al.,

2021). Given these quantified dissolution differences between

struvite and MAP, a struvite P mass balance <100% supports

our hypothesis that lower dissolution of struvite would result

in the partial P and N recovery.

Agronomic mass balances for N and P revealed oppo-

site recoveries and for different reasons, indicating distinct

impacts of ammonium phosphate fertilizer solubility on the

fate of nutrient inputs. Although N mass balances for stru-

vite and MAP at both sites exceeded 100% and were driven

by leaching, P balances were driven by the soil extractable

pool and were <100%. The struvite N mass balance exceeding

100% does not support our hypothesis of partial struvite N and

P recovery (i.e., <100%) predicated on incomplete struvite

dissolution. Agronomic mass balances exceeding 100% indi-

cate that soil-extractable N and/or leachate loads were greater

than the N applied, suggesting mineralization of N was higher

in soils fertilized with struvite and MAP—even after account-

ing for N mineralization in the unfertilized plot. Based on the

application rates of struvite in this study, the average recovery

of struvite leached N across both sites of 200% is equivalent to

21 kg N ha−1—a substantial amount of N mineralized solely

due to the addition of struvite. It is unclear how struvite and

MAP fertilization would stimulate N mineralization, partic-

ularly at the realistic application rates used. The agronomic

mass balance we employed is a partial mass balance that does

not account for soil N and P in non-extractable forms (e.g.,

immobilized, sorbed) nor gaseous N losses, though the lat-

ter are expected to be minimal (≈1% of added N) (Behnke,

2018). On the other hand, we focused on agronomically rele-

vant pools in an approach taken by others to determine the fate

of fall-applied MAP N (e.g., Fernandez et al., 2010), and still

provides evidence of differences between the soil and leaching

loss potential of N and P from struvite and MAP.

Our agronomic mass balance results align with the partial

recovery found from fertilizer N mass balances by Fernandez

et al. (2010), though our inclusion of leached P and N in the
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F I G U R E 5 Soybean grain yield at (A) Urbana and (B) Ewing under monoammonium phosphate (MAP) and struvite. Off-season yield-scaled

N losses for (C) Urbana and (D) Ewing sites, and off-season yield-scaled P losses for (E) Urbana and (F) Ewing. Different letters indicate significant

differences. * is <0.05, ** is <0.01, and ns is not significant.

mass balance resulted in higher P and N recovery from the

offseason. With the leached N being 254% of the total MAP

N mass balance, soil-extractable N only slightly offset the

mass balance at Urbana. However, the omission of leached

N from the agronomic mass balance (e.g., Fernandez et al.,

2010) would have resulted in underestimated fertilizer losses.

Though Fernandez et al. (2010) recovered 30% of fall-applied

MAP as soil extractable N in the spring prior to planting, we

found that 5%–27% of struvite N and 39% of MAP N were

recovered as soil extractable N. Examining the fate of fertil-

izer applied at agronomically realistic rates across multiple

pools may therefore differ in the estimated leaching fate of

fall-applied ammonium phosphate.

4.4 Soybean yield and off-season
yield-scaled losses from MAP and struvite

Similar soybean yields between struvite and MAP at both

sites support our hypothesis of similar yields under stru-

vite and MAP given adequate soil test P concentrations.

At Ewing, however, struvite uniquely increased yield com-

pared to no ammonium phosphate fertilizer applied, despite

soil Mehlich-3 concentrations pre-fertilization indicating

low likelihood of a yield response and thus mandating

a maintenance-based application rate. Soils in southern

Illinois are more weathered (Alfisols) than in central Illi-

nois (Mollisols) and generally have lower total and avail-

able soil magnesium (Mg) concentrations. The 18 kg Mg

ha−1 added by struvite application at Ewing may explain

greater soybean yields with struvite but not MAP relative

to the P unfertilized control (Fernández & Hoeft, 2021;

USGS, 2014).

Though we found off-season yield-scaled N losses under

ammonium phosphate fertilizers—used as a P source—to be

15.0–20.0 kg N Mg−1 across sites and treatments, similar

agroecosystems in Illinois indicate much lower yield-scaled

N losses for maize (0.3–7.9 kg N Mg−1) (Greer & Pittelkow,

2018), though the evaluation of urea ammonium nitrate across

a range of N application rates precludes direct comparison
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with yield-scale N losses from the ammonium phosphate fer-

tilizers evaluated in our study. As hypothesized, off-season

yield-scaled P losses from struvite were significantly lower

than MAP at both sites, due to the ability of struvite to support

soybean yields and decrease P leaching. Measuring yield-

scaled losses was likely representative of losses across the

full season, as the majority of nutrient losses occur in the

off-season prior following fall application to spring planting.

Though there are no studies to compare yield-scaled P losses

of soybean, losses in our study of 0.07–0.70 kg P Mg−1 are

generally comparable but range higher than the 0.02–0.28 kg

Mg−1 grain reported for winter wheat (Hua & Zhu, 2020).

Compared to MAP, struvite had 1.4-fold lower off-season

yield-scaled N losses, demonstrating greater loss reduction

benefits for N than for P in the replacement of MAP by struvite

as a P source.

5 CONCLUSION

This study tested the hypothesis that P and N losses from

fall-applied struvite would be lower compared to MAP. At

two sites situated on a Mollisol and Alfisol, leached P and

N from the unfertilized control were higher than struvite-

fertilized soils, resulting in negative apparent recoveries of

P and N. Relative to MAP, struvite led to lower concentra-

tions of soil Mehlich-3 P and extractable nitrate-N at 15-35

cm depth in the spring, except at Ewing where extractable

nitrate-N under struvite was higher than MAP. Agronomic

mass balances indicated incomplete recovery of fall-applied

struvite P in the spring, which could reflect partial dissolution

of struvite. Fertilizer N mass balance for struvite was 2-fold

lower than MAP. Off-season yield-scaled P and N losses were

10% and 24% lower from struvite compared to MAP, reflect-

ing similar soybean yields and lower P and N leaching under

struvite. Decreases in leaching were proportionally greater

for N than for P from struvite relative to MAP, indicating a

greater advantage in struvite substitution for MAP for N loss

reduction relative to P loss reduction. Greater soil recovery

and lower leaching loads of P and N under struvite relative to

MAP support the hypothesized potential of struvite to miti-

gate off-season losses of fall-applied ammonium phosphates,

a common practice in the US Midwest. Our study demon-

strates that struvite can help mitigate water quality impacts of

fall-applied ammonium phosphate fertilizers and under con-

ditions of adequate soil test P levels in which maintenance

applications of P are used has no negative impact on soybean

yield.
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