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A B S T R A C T

Struvite (NH4MgPO4⋅6H2O) is a slow-release phosphorus (P) fertilizer hypothesized to reduce nutrient leaching
losses relative to highly water-soluble counterparts such as monoammonium phosphate (MAP). We assessed the
leaching fate of P from struvite relative to MAP using soil column experiments for two soils representative of the
United States Maize Belt, an Arguidoll and a Fragiudalf. Inorganic P and N in leachate (49.8 pore volumes (vp))
were directly quantified for synthesized 33P-labeled struvite and 33P-labeled MAP directly and indirectly by
omission method (i.e., by difference with a P-unfertilized treatment). By 8.3 vp, less than 0.02 % of struvite-P was
leached in the Fragiudalf according to both methods of determination, compared to 11.1 % MAP-P determined
directly by 33P tracing and 14.1 % of MAP-P by the omission method. Fertilizer-P leached quantified directly by
33P labeling was on average 1.2- to 3.7-fold lower than by indirectly by omission for both fertilizers at 2.8–13.9
vp across both soils, indicating consistent overestimation in P leaching by the commonly used omission method.
Leaching of struvite-N was an order of magnitude lower than MAP-N in the Fragiudalf after 8.3 vp. Struvite
entailed 17.4 %–20.4 % lower P leaching and 22.1–46 % lower N leaching compared to MAP across soils under
simulated extreme precipitation events, supporting the hypothesized ability of struvite to reduce P as well as N
leaching relative to more water-soluble ammonium phosphate fertilizers such as MAP. Additionally, our results
point to a methodological need to validate fertilizer P leaching estimated by the commonly used omission
method using direct quantification by radioisotopic labeling.

1. Introduction

Highly industrialized regions of the world with urbanized sanitation
infrastructure and intensive agriculture such as Europe and the United
States continue to experience nutrient runoff from both point and non-
point sources. Nutrient loading from point sources and non-point sour-
ces have led to large hypoxic zones, such as in the Baltic Sea or Gulf of
Mexico (McCrackin et al., 2018; Robertson, 2021). Point sources are
generally wastewater generating or treatment facilities discharging
phosphorus (P) enriched effluents to surface waters that could otherwise
be recovered for re-use as fertilizers. In intensively managed agricultural
lands that dominate non-point sources, fertilizers are commonly used to
meet crop P needs, but the high water solubility of conventional fertil-
izers risks nutrient runoff or leaching losses (Nelson and Uhland, 1955).
The dominant P fertilizer source for the United States, including its
intensively managed Maize Belt largely situated in the Mississippi River
basin, are the highly water soluble (>90 %) (Leikam and Penas, 2000)

monoammonium phosphate (MAP) and diammonium phosphate (DAP)
(USDA ERS, 2019), for which nitrogen (N) is coapplied as ammonium.
The common practice of fall applying MAP can entail leaching losses of
fertilizer P as well as N losses during the subsequent off-season of winter
and early spring (Fernández et al., 2010). Given the increasing need to
reduce P and N losses in many agricultural regions globally, such as the
Baltic Sea basin of northern Europe and Scandinavia (McCrackin et al.,
2018) or the Gulf of Mexico in the United States (Robertson, 2021),
circular economy strategies than can reduce potential P and N losses
from both point and non-point sources are increasingly attractive
(Rosemarin et al., 2020) Margenot et al., 2019).

Struvite (NH₄MgPO₄⋅6H₂O) produced from nutrient-rich wastewa-
ters can decrease point source P emissions while simultaneously
reducing P loss risk from non-point sources of agricultural fields when
substituted for high water solubility ammonium phosphate fertilizers
(Margenot et al., 2019; Ruffatto et al., 2022). The low water solubility of
struvite (Degryse et al., 2017) stands to reduce P losses via leaching
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relative to highly water-soluble ammonium phosphate fertilizers. Due to
strong interactions with mineral surfaces, phosphate-P is generally less
mobile in the soil and therefore less likely to leach than nitrate-N (Fetzer
et al., 2021; IEPA et al., 2015; Tarkalson and Leytem, 2009). However,
there are few studies that explicitly test the hypothesized lower P
leaching from struvite relative to MAP, and the fate of N of ammonium
phosphate fertilizers is in general not well understood (Margenot and
Lee, 2023). Lower P leachate losses from struvite compared to highly
water-soluble P fertilizers have been broadly hypothesized based on the
14-fold lower Ksp of struvite relative to MAP (Margenot et al., 2019), but
this has been tested by limited studies. For example, a column experi-
ment study using a coarse-textured soil estimated that 97.0 % of MAP-P
but only 3.5 % of struvite-P leached in two 30 mL leaching events over 3
days (Kabiri et al., 2020). However, the use of coarse-textured soils (e.g.,
> 90 % sand) or even pure sand is likely to overestimate leaching
(Hertzberger et al., 2020) and are not representative of the loess-derived
soils with appreciable clay content (e.g., silty clay loam textures) and
relatively high organic matter content that dominate the United States
Maize Belt (Fehrenbacher et al., 1967).

Isotopically labeling P enables direct testing of hypothesized lower P
leaching losses from struvite relative to conventional ammonium
phosphate fertilizers such as MAP. Compared to unlabeled measure-
ments of P losses, which estimate losses attributed to fertilizers through
the omission method as the mathematical difference in leaching be-
tween a fertilized and unfertilized treatment, fertilizers labeled with a P
radioisotope can be used to directly determine fertilizer-derived P losses.
The radioisotopes 32P (14.3 d half-life) and 33P (25.3 d half-life) offer a
means to label P in fertilizers without impacting in the chemical prop-
erties of the fertilizer (Di et al., 1997). An explicit comparison of fer-
tilizer P fate (e.g., leaching) determined directly by radioisotopic tracing
versus indirectly by the omission approach is needed to validate eval-
uations of P leaching estimated indirectly by the widely used omission
approach.

The purpose of this study was to assess differences in P losses from
struvite compared to MAP, both by radioisotopic labeling of both fer-
tilizers with 33P and by the omission approach. Our specific objectives
were to (1) quantify struvite phosphate-P as well as ammonium-N and
nitrate-N leaching compared to MAP, (2) determine differences in
leaching of struvite compared to MAP in two soils of differing organic
matter (OM) content (Argiudoll> Fragiudalf), and (3) compare fertilizer
P leaching measured by direct versus indirect determination methods.
We hypothesized lower phosphate-P and inorganic N leaching from
struvite compared to MAP would occur and over a greater leachate
volume compared to higher leaching from MAP and in a lower leachate
volume (i.e., greater initial leaching losses). Additionally, we hypothe-
sized that the amount of phosphate-P leached would differ between the
two methods of determination of direct quantification (33P) than indi-
rectly by omission. Finally, we anticipated higher non-fertilizer P
leaching in the higher OM Argiudoll relative to the lower OM Fragiudalf
due to higher organic P that could mineralize to phosphate-P and thus be
leached.

2. Materials and methods

2.1. Soil type and characteristics

Soils from central and southern Illinois were used to furnish two
major soil types (USDA Taxonomy) that represent the majority of the
United States Maize Belt: a fine, smectitic, mesic Aquic Argiudoll
(Argiudoll) and a fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs
(Fragiudalf) in USDA Soil Taxonomy, or Chernozem and Luvisol by WRB
classification, respectively. At 0–15 cm depth, used in agronomic as-
sessments of soils for P fertilization in this region, the Argiudoll had pH
6.3 (1:2 m/v in water), a cation-exchange capacity (CEC) of 29.7 cmolc
kg− 1, and 5.4 % organic matter (OM), and the Fragiudalf had pH 7.2,
CEC of 11.7 cmolc kg− 1 and 2.4 % OM. Both soils at 0–15 cm depth were

silty clay loams (textural class). Soil Mehlich-3 P concentrations were
34.1 mg kg− 1 for the Argiudoll and 27.3 mg kg− 1 for the Fragiudalf. We
did not measure phosphate-P sorption, as these soils are not highly P
fixing. We make the assumption that sorption of fertilizer P following
dissolution was similar among the two ammonium phosphate fertilizers,
enabling us to test by-soil differences in relative leaching of P and N
between struvite versus MAP. Additionally, our results reflect net
leaching outcomes between the two soils for a given fertilizer, and do
not account for sorption or immobilization of fertilizer P.

Soils for column experiments were collected at 0–35 cm depth at
Urbana, IL for the Argiudoll and Ewing, IL for the Fragiudalf. Both soils
were under maize-soybean two-year crop rotations. The Agriudoll was
cultivated under maize whereas the Fragiudalf was cultivated with
soybean in the immediate season before soils were sampled post-harvest
in November 2020. As the majority of maize (Zea mays L.) and soybean
(Glycine max L.) root biomass (≈52–94 %) are located at 0–30 cm depth
in this region (Nichols et al., 2019), inorganic N and P present at or
below 30 cm depth are prone to continued vertical translocation beyond
the reach of roots and thus are at risk of loss via leaching. Soil samples
were air-dried at room temperature (≈24 ◦C) and homogenized by
manual grinding to pass a<2 mm sieve for homogenization and packing
in the soil columns. As the objective of this study was to isolate differ-
ences in P and N leaching from struvite and MAP for two major United
States Maize Belt soil types based on soil chemical properties (e.g., clay,
OM), we used packed soil columns to ensure soil homogenization by
sieving (Maguire and Sims, 2002).

2.2. Synthesis and isotopic labeling of struvite and MAP

Struvite was synthesized using a ratio of Mg:N:P of 1.2:3:1 by adding
0.1 M MgSO4⋅7H2O and NH4Cl into a solution of 0.01 M NaH2PO4⋅2H2O
(Hao et al., 2008) in ultra-pure water (18.2 MΩ⋅cm). Isotopic labeling of
P in struvite and MAP was accomplished by adding 0.027 mCi 33P g− 1

(theoretical) yield of struvite and MAP. This concentration was intended
to target an initial radioactivity (day 0 of synthesis) of at least 1000 kBq
g− 1 struvite and MAP. Initial radioactivity of synthesized struvite was 4,
694 kBq g− 1 struvite. Once combined, the solution was adjusted to pH of
8.8 through incremental additions of 2.5 M NaOH solution. Small par-
ticles of struvite immediately began to form following NaOH addition to
the solution, which was then continuously mixed at approximately 300
rev min− 1 for 30 min at 25 ◦C. The resulting struvite precipitate was
vacuum filtered (cellulose, 2.5 µm diameter pore) and rinsed thrice with
200 mL ultra-pure water.

MAP was chosen as the comparison fertilizer alongside struvite due
to its similar N:P, as MAP has an N:P of 5:11 and struvite has an N:P of
5:12. MAP labeling was achieved by recrystallizing ACS-grade ammo-
nium phosphate monobasic (Gargouri et al., 2012) in the presence of
33P. In brief, ammonium phosphate monobasic was dissolved at 60 ◦C in
a 1:1 m/m ratio of ultra-pure water to ammonium phosphate by stirring
at 300 rev min− 1. Orthophosphoric acid (H3PO4) 33P was added and the
supersaturated solution was left to cool to 25 ◦C to recrystallize 33P-
labeled MAP in powder form. The radioactivity of synthesized MAP was
1,653 kBq g− 1 MAP. Synthesized, radiolabeled struvite and MAP
expressed fine particle sizes of approximately 0.1–0.2 mm.

2.3. Experimental design

Packed soil columns were used to test hypothesized differences in
leaching between struvite andMAP using 33P labeling of the fertilizers in
the Argiudoll and Fragiudalf (Fig. S1). Soil column experiments in
controlled laboratory settings are necessary for using isotopically
labeled P (i.e., radioactive) due to limitations posed by expenses and
safety. Using a soil column dimension of 1.4 cm diameter × 8.9 cm
height, 40 g of oven dried soil were packed into each column. These
dimensions of the soil column were deemed appropriate to evaluate P
leaching given relatively low mobility of phosphate in soil, and for
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practical constraints of radioactivity that favor smaller soil and liquid
volumes to be used for safety. Soil columns were packed to a bulk
density of 1.21 g cm− 3 and saturated by top-down wetting. To avoid an
initial flush of mineralization of N and P, columns were rewet and
leached prior to application of fertilizer. Fertilizer was then applied into
the soil in each column to mimic a banding effect, with four replicates
per treatment and per soil type (n = 24). At the bottom of each soil
column, a <150 µm nylon mesh filter was added above a 1 cm layer of
acid-washed quartz sand rinsed with ultra-pure water, along with a 1 cm
layer of sand on top of the soil to uniformly distribute water added for
leaching events. An opening was cut on the bottom of the soil column to
enable collection of leached water, controlled by a stopcocked valve.
Columns were treated with 33P-labeled struvite, 33P-labeled MAP, or no
fertilizer (i.e., unfertilized control) in quadruplicate. Fertilizers were
applied to mimic field banding application (i.e., 2–5 cm depth) by
placing 0.25 g P per fertilizer treatment at 2.54 cm beneath the soil
surface in the center of the column (Mahler, 2001). Application rates of
MAP and struvite fertilizers were intentionally ≈10-fold higher than a
common broadcast rate of 35 kg P ha− 1 (Rahman et al., 2011; Talboys
et al., 2016) to mimic the spatial concentration of banding applications
(Kitchen et al., 1990).

Leaching events were conducted by applying 30 mL of ultra-pure
water at the soil column surface. To avoid the addition of water at the
top of the column physical disrupting the overlying sand layer (e.g.,
turbation of sand and underlying packed soil by a stream of water),
water was carefully added at a slow rate (2–3 mL s− 1) onto a thin pol-
yethlyene sheet (Saran™ Wrap) laid on top of the sand. The poly-
ethylene sheet served as a physical barrier to break the kinetic impact of
the water stream to further minimize turbation of the sand. The volume
of water applied is equivalent to 158 mm of rainfall, meant to simulate
an extreme precipitation event in Illinois, for which the highest histor-
ical 24 h precipitation event was 169 mm (NOAA National Weather
Service). Leaching events were performed once daily for the Argiudoll
columns and every other day for Fragiudalf columns due to lower
infiltration rates. Leachate was harvested from each soil column with a
50 mL polypropylene centrifuge tube directly beneath the column outlet
(Fig. S1) for a total of 18 leaching events corresponding to 49.8 pore
volumes (vp) of leachate, at which point a sustained decline in the
concentration of P and N in leachate from MAP and struvite fertilized
soil columns was used as the basis to terminate the experiment. Columns
were maintained under controlled temperature conditions through the
experiment (25.0 ± 0.5 ◦C).

2.4. Leachate collection

The amount of leachate collected during each of the 18 events was
expressed on a pore volume (vp) basis (Kahlon et al. 2013, Nakhli et al.
2020, Singh and Kanwar 1991), with the first event being 2.8 vp and the
eighteenth event being 49.8 vp. Pore volume was as follows:

Based on a volumetric water content of 0.53 cm3 cm− 3 determined as
the product of measured soil gravimetric water content and bulk den-
sity, the volume of packed soil, and the addition of 20 mL of water for
each leaching event, each leaching event entailed a vp of 2.8, ending in a
total of 49.8 vp by the eighteenth leaching event. Leachate was filtered
with a 11 µm pore diameter cellulose filtration paper, then immediately
analyzed for molybdate-reactive P (Pierzynski, 2000), ammonium-N by
the salicylate method (D. W. Nelson, 1983), and nitrate-N by vanadium

(III) reduction (Miranda et al., 2001). Ammonium-N and nitrate-N
concentrations in leachate were summed as inorganic N.

The total loads of inorganic P and N across all events was calculated
as the following:

MP or N =
∑

(V*CP or N) (2)

Where,
MP or N = Mass of P or N (mg).
V = Volume of leachate (L).
CN or P = concentration of P or N in leachate (mg L− 1).
To derive struvite andMAP-derived N and P leaching by the omission

method, loads of dissolved inorganic N and inorganic P – interpreted as
phosphate-P derived from fertilizer – from the control soil columns were
subtracted from individual replicate columns treated with struvite or
MAP. To determine the phosphate-P loads as 33P leached, leachate
samples from 33P-labeled struvite and MAP were directly quantified for
radioactivity using a liquid scintillation counter (LSC) (Barquero et al.,
2004; Broda et al., 2007), then converted to phosphate-P loads. Cumu-
lative loads of each nutrient were calculated by summing the total
amount leached (as mg and % applied P or N as fertilizer) at the
termination of the experiments (i.e., 49.8 vp), and expressing as the
proportion (%) of P and N applied from MAP and struvite.

2.5. Statistical analyses

Three-way analysis of variance (ANOVA) was conducted to test hy-
pothesized differences in P leaching between fertilizer treatments by soil
type and method of P determination in R (version 4.0.3) (R Core Team,
2024). To test hypothesized differences in N leaching between fertilizer
treatments by soil type, two-way ANOVA was conducted. Potential
differences between struvite and MAP in phosphate-P and inorganic N
leaching as a percentage of applied N or P were determined for pore
volume-based leaching and cumulative leachate individually for both
soil types. Prior to analyses, assumptions of normality and equal vari-
ance were tested using Q-Q plots and Levene’s test in R. Tukey’s HSD
post-hoc means separations for each test were used to determine dif-
ferences between treatments at each leaching event, separately by soil.

3. Results

3.1. Nutrient leaching from ammonium phosphate fertilizers of
contrasting solubility

Consistently less P was leached from struvite than from MAP in both
soils, regardless of method of determination, over leaching events
(Fig. 1) and cumulatively (Fig. 2). Over 3-fold less P leached from
struvite (8.3 %) than MAP (25.8 %) (p = 4.8 × 10− 15) in the Argiudoll
over 49.8 vp. The amount of struvite-P leaching at a given event peaked

at 19.4 vp, at which point 3.6 % of struvite-P had been cumulatively
leached – approximately 43 % of the total cumulative struvite-P leached
over 49.8 vp (8.3 % of total struvite-P). Leaching of MAP-P peaked at 8.3
vp (8.7 % of applied P in a single event), but unlike struvite P leaching,
MAP-P leaching continued to increase until 13.8 vp, at which point 17.6
% of total MAP-P had been leached. Cumulative P leached was lower for
struvite than MAP in the Argiudoll (p = 0.003), and event-based P
leaching from struvite was lower than MAP at 2.8 – 16.6 vp (p = 0.002).
In the Fragiudalf, cumulative struvite-P leached (0.94 %) was over 22-
fold lower than MAP-P (21.1 %) (p = 0.027). Phosphorus leaching

pore volume (vp)= volumetric water content (θs)x total soil column volume (cm3) (1)
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Fig. 1. Struvite- and MAP-P leached over 49.8 pore volumes (vp) of leachate determined directly by 33P labeling and indirectly estimated by the omission method in
an Argiudoll from central Illinois and Fragiudalf from southern Illinois. The smooth line indicates cumulative P leached on secondary y-axis (%) with standard error
bars. Asterisks indicate significant differences from three-way ANOVA between the method of determination for the given pore volume of leachate (i.e., leaching
event) (p < 0.05).
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from MAP in the Fragiudalf peaked at 5.5 vp representing 6 % of MAP-P
in a single leaching event, or 28 % of cumulative MAP-P leached over
49.8 vp (Fig. 1). Leaching of struvite-P was lower than MAP-P across
2.8–49.8 vp in both soils (p = 0.006).

Struvite-N leached was consistently lower than MAP-N across
leaching events (Fig. 3), and cumulative N leaching was lower for
struvite than MAP by 11-fold in the Argiudoll (4.6 % vs 50.6 %) (p =

0.008) and by 45-fold in the Fragiudalf (0.5 % vs 22.6 %) (p = 2.9 ×

10− 10) (Fig. 4). Inorganic N leached from struvite and MAP was
consistently lower in the Fragiudalf compared to the Argiudoll across
leaching events (p = 0.0003). At each pore volume of leachate, struvite-
N leached was negligible in magnitude for both soils (<1%), with no
clear peak in struvite-N leaching (Fig. 3) as observed for struvite-P
(Fig. 1). Inorganic N leached in a single event from MAP in the Argiu-
doll peaked at 6.6 % of MAP-N at 24.9 vp, corresponding to 13 % of
cumulative MAP-N leached, and declined thereafter to 1 % of MAP-N by
49.8 vp. Similarly, the amount of MAP-N leached in a single leaching
event in the Fragiudalf was greatest at 8.3 vp at 2.7 % of MAP-N, cor-
responding to 12 % of cumulative MAP-N leached, and decreased
thereafter to <1 % of applied N leached by 49.8 vp. Leaching of P and N
from both unfertilized soils was higher up until 16.6 vp and decreased
thereafter (Fig. 4), and was overall negligible with an average <0.18 %
of cumulative P leached and <2.6 % of N leached relative to fertilized
soil columns (averaged for struvite and MAP treatments). The unfertil-
ized Argiudoll had the highest variation in P (C.V. 97 %) and N (C.V. 25
%) leaching compared to the unfertilized Fragiudalf for P (C.V. 58 %)
and N (C.V. 17 %).

3.2. Differences in indirect and direct methods to determine P leaching

Fertilizer P leaching was generally lower when determined directly
through by 33P radioisotopic labeling compared to the indirect estima-
tion by omission, and this discrepancy varied by fertilizer solubility and
the extent of leaching at each pore volume, which in turn varied by soil.
In the Argiudoll, struvite-P leached determined directly was highest at
19.4 vp and was 1.6-fold higher than the indirect omission method (p =

0.0005). However, at all other pore volumes, struvite-P leached was
consistently higher by the omission method than by direct radioisotopic
determination (p < 0.05). In the Fragiudalf, struvite-P leached was 0.6
to 1.7-fold higher when determined directly than indirectly at 2.8–11.1

vp and 22.1–44.3 vp. For the Fragiudalf, MAP-P leached was highest at
5.5 vp by direct determination and 1.2-fold lower relative to indirect
determination by omission (p < 0.001). Lower P leached from struvite
than MAP for both soils was consistent between direct and indirect
methods of determination, with the direct method yielding overall ≈16
% lower estimates of P leached from ammonium phosphate fertilizers
than the indirect omission method.

4. Discussion

4.1. Leaching of P and N from ammonium phosphate fertilizers of
contrasting solubility

Leaching of P and N from struvite was consistently lower relative to
MAP in both the Argiudoll and Fragiudalf, supporting our hypothesis
that P and N leaching from struvite would be lower than from MAP.
Struvite reduced cumulative P leaching on average by 20 % and cu-
mulative N leached by 46 % compared to MAP, which was more marked
for the Fragiudalf: <1 % of P and N were leached from struvite in the
Fragiudalf, but <9% of P and N in the Argiudoll, consistent with lower
infiltration in the former. Though synthesized struvite and MAP used in
this study were finer-sized particles than the granular forms used as
commercial fertilizers (Hertzberger et al., 2020), we still detected clear
differences in P and N loss potential among ammonium phosphate
forms. The lower relative reductions in P than N leaching with struvite
substitution for MAP suggests that interpretation of struvite as a
slow-release P fertilizer with primary benefits for P loss reductions
should be reconsidered as prominent means to reduce N losses from
ammonium phosphate fertilization, which is an uncharacterized but
large overlooked source of off-field N losses (Margenot and Lee, 2023).

Our findings support the hypothesis that P leaching should be lower
for granular struvite than highly water ammonium phosphates such as
granular MAP, which is often proposed but seldom tested. The cumu-
lative leaching of struvite-P of 8.3 % in the Argiudoll was greater than
previous reports of < 3 % of struvite-P leaching, though struvite-P
leaching is likely to vary by the interaction of struvite physical proper-
ties (e.g., granule size), soil properties, how leaching was determined,
and precipitation intensity or moisture, and experimental duration. The
finer particle size of lab-synthesized struvite and MAP —necessary for
33P labeling – may increase dissolution potential by increasing specific
surface area of fertilizer particles and thus increased soil:fertilizer con-
tact (Degryse et al., 2017). Dissolution of struvite for a given experi-
mental duration can further vary based on placement, with physical
incorporation of struvite into soil increasing soil:fertilizer contact and
thus dissolution (Degryse et al., 2017). On the other hand, the banding
application mimicked in our experimental design limited further soil:
fertilizer contact and so may still be a useful indication of struvite P and
N leaching potential from granular forms that would be used as com-
mercial fertilizers in the field. Synthesized struvite with finer particle
size appeared to increase P leaching potential by 5 % relative to granular
struvite, but still resulting in a 14 % reduction in P leached when
comparing struvite to MAP. A challenge in the radiolabeling of P fer-
tilizers such as struvite and MAP is mimicking granule size and physical
properties (e.g., shape, hardness), as precipitation-based syntheses do
not readily form granules and may require longer crystallization times
that in turn necessitate synthesis infrastructure and/or scales not
available or feasible for laboratory settings, apart from the complication
of radioactivity.

We note that these results are dependent on the duration of the study,
which entailed a relatively short timescale (18–36 d) and with a high
intensity of water flux through the soil column. Over a sufficiently long
timescale, it is expected that total amounts of N and P leached from
struvite relative to MAP would become comparable, as a lower rate of
dissolution for struvite does not necessarily mean lower cumulative
leaching after full dissolution. On the other hand, time-dependent dif-
ferences in abiotic (e.g., sorption) and biotic (e.g., microbial biomass,

Fig. 2. Cumulative PO4-P leached after 49.8 pore volumes (vp) by method of
determination (directly by 33P and indirectly by omission). Cumulative PO4

3− -P
leached was determined in an Argiudoll and Fragiudalf from central and
southern Illinois, respectively, USA. Significance is designed as * for < 0.05, **
for < 0.01, and ns for not significant (p ≥ 0.05).
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crop uptake, denitrification) sinks or fates for N and P mean that the
longer timescale of struvite dissolution relative to MAP may entail
different net outcomes in leaching losses. For example, more rapid
dissolution of MAP may entail greater sorption of released P to mineral
surfaces, whereas slower release of struvite-P could favor greater syn-
chrony with crop uptake.

Due to the fineness of synthesized struvite – necessary for 33P
radioisotopic labeling – relative differences in P leaching between
struvite and MAP measured are likely more conservative than what
would be expected in field-scale application. To enable radioactive la-
beling of struvite and MAP, both fertilizers were lab-synthesized,
yielding a fine-sized particulate (≈ 0.1–0.2 mm diameter). Synthesized
fertilizers with finer particle size might underestimate relative differ-
ences in leaching between MAP and struvite, because the dissolution
rate of struvite is inverse to particle size (Degryse et al., 2017). For
example, dissolution of finely powdered struvite (<0.5 mm) was up to
56 % relative to 3–28 % for granule struvite after 28 d (Degryse et al.,
2017). The high variability in dissolution of granular struvite was driven
by soil pH, with exponentially greater dissolution at pH <8 (Degryse
et al., 2017) confirmed across multiple soils and studies (Hertzberger

et al., 2020). This also coincides with our finding that struvite-P leached
in the Argiudoll (pH 6.3) was 8.1-fold higher and struvite-N leached was
9-fold higher than in the Fragiudalf (pH 7.2). Though the lower pH of the
Argiudoll on struvite-P leaching potential may partly explain higher
struvite-P and N leached in the Argiudoll, soil properties beyond pH
dictate struvite dissolution and leaching (Ruiz-Navarro et al., 2023;
Hertzberger et al., 2020). The slightly acidic to acidic soils common in
the United States Maize Belt (Ramcharan et al., 2018) would therefore
be expected to enhance differences in dissolution between struvite and
MAP due to inherent solubility since soil pH effects on struvite disso-
lution would be relatively attenuated.

On the other hand, struvite particle size distribution can vary sub-
stantially based on how it is produced, with substantial variation across
wastewater treatment plants in Europe (Muys et al., 2021) and globally
(Hall et al., 2020), including approximately 10 % of struvite particles
being <0.2 mm diameter and digestate-derived struvites averaging 0.5
mm diameter. Thus, our results are directly relevant to granular struvite
after undergoing dissolution in situ months after application (Gu et al.,
2021). For granular forms of struvite and MAP, greater relative de-
creases in P and N leaching from struvite relative to MAP would be

Fig. 3. Inorganic N (NO3-N+NH4-N) leached from struvite and MAP as a proportion (%) of N applied as struvite or as monoammonium phosphate (MAP) at
consecutive leaching events, expressed in pore volumes (vp), and cumulative N leached after 49.8 vp through the A horizons of an Argiudoll from central Illinois and
of a Fragiudalf from southern Illinois. The smooth line indicates cumulative N leached on secondary y-axis (%). Two-way ANOVA indicated there were significant
differences in treatment (p = 0.008) and no differences between soil types. Note different y-axes scales for struvite between the two soil types (see Fig. S2 for same
axis scale).
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anticipated (Hertzberger et al., 2020). A key challenge to directly
quantifying the fate of P specific to struvite relative to highly soluble
phosphate fertilizers is production of large granules given long crystal-
lization periods needed that outstrip the half-life of 33P (25.3 d) or 32P
(14.3 d). Physical granulation by compaction may offer a means for
radioisotopic P labeling of fertilizers to better approximate realistic
granule sizes.

4.2. Comparison of methods to determine fertilizer P leaching

Our results demonstrate consistent and significant overestimation of
P leaching from fertilizers estimated indirectly using the omission
method versus directly measured via radioisotopic P labeling and
tracing. Though the indirect estimation by omission dominates evalua-
tions of fertilizer-associated P (and N) fate, there are no comparisons to
our knowledge of P losses determined indirectly by omission versus
directly by 33P or 32P labeling and tracing. Our study appears to be the
first to examine the differences between the direct 33P radioactivity
method and the indirect omission method. It is unclear why direct
determination of fertilizer P leaching yielded lower loss magnitudes
than indirect estimations. High background (i.e., non-fertilizer) P con-
centrations may lead to variable and higher relative differences in P
leached between unfertilized and fertilized soils. Though comparisons of
crop P uptake from fertilizers determined indirectly by the omission
method via directly by 32P labeling have been made (e.g., Mattingly and
Widdowson, 1958), P losses were not evaluated. Lower P uptake and
thus P use efficiency from superphosphate fertilizer by barley (Hordeum
vulgare) by direct determination was in part attributed to an artefact of
the radioisotope labeling: radiation inhibited early root growth at high
labeling strength (Mattingly andWiddowson, 1958). However, potential
negative effects of high radioactive labeling strength to account for short
half-life of 32P are not anticipated for processes involved in P leaching
using a radiolabeling strength that has been found to not impair soil
bacterial or plant growth – as we did here (Li et al., 2021). Phosphorus
losses from fertilizers are likely overestimated by the indirect deter-
mined by difference with an unfertilized treatment, though field-scale
experiments are needed to verify this. However, field-scale imple-
mentation of the direct 33P method of determination is challenging due
to restrictions on the release of radionuclides in an uncontained field
site. Upscaling to greenhouse pot experiments or in-ground soil con-
tainers that enable full rooting depth and crop growth to harvest may be
a means to capitalize on direct tracing of fertilizer P fate.

Estimating fertilizer-attributable losses indirectly by omission also
led to higher variability in fertilizer P leaching, which was higher for

highly soluble MAP. This supports our hypothesis that greater OM
(>2.2-fold) in the Argiudoll relative to the Fragiudalf would entail not
just more P in unfertilized soil columns (see Section 4.3), but also greater
variability in leaching estimated indirectly through the omission
method. Apart from the magnitude of P leaching, mineralization of soil
OM can be highly variable even after soil homogenization by sieving in
mesocosms (Wade et al., 2018), as well as at the field-scale (Lawlor
et al., 2008). Variation in mineralization of P would be expected in-
crease variability of P losses estimated indirectly by subtracting P
leached without fertilization from P leached with fertilization, due to
variable non-fertilizer contribution to P leaching in both treatments.
This is because in the omission approach, a single value averaged among
the unfertilized treatment replicates is used as the non-fertilizer derived
nutrient (Congreves et al., 2021). Variation (C.V.) of cumulative N, and
to a lesser extent P, estimated by omission to have leached from fertil-
izers reflected this discrepancy, with MAP having the greatest variability
in cumulative P and N leached (74 %, 64 %) in the Argiudoll whereas
struvite exhibited lower variation in cumulative P (23 %) but similar
variability in N leached (61 %) in the Argiudoll. In the Fragiudalf,
struvite had lower variability in both cumulative leaching of P (21 %)
and N (64 %) compared to MAP P (46 %) and N (74 %). Though the two
soils we evaluated represent major soil types of the US Midwest, addi-
tional soil types would need to further test this hypothesis.

4.3. Leaching of P and N from unfertilized soils

Despite higher leaching of fertilizer P for MAP than struvite, we find
that >99 % of leached P was derived from fertilizer in a given leaching
event, and >96% over repeated and cumulatively substantial leachate
volume. The 1.7-fold more variable leached P in the unfertilized
Argiudoll relative to the Fragiudalf without fertilization suggests a
greater amount and variability in P mineralization. Though leached P
can include inorganic P already present in soil prior to sampling for
column experiments, Mehlich-3 P concentrations were similar between
the Argiudoll (34.1 mg kg− 1) and Fragiudalf (27.3 mg kg− 1), but soil
organic matter was 2.2-fold higher. Though increasingly acknowledged
as a potential source of nitrate-N leaching via organic matter minerali-
zation (Gentry et al., 2023; McSwiney et al., 2010), the potential con-
tributions of organic P to potential P losses via mineralization are
relatively less understood (Dodd and Sharpley, 2015). However, N and P
mineralization were likely enhanced under the relatively warm and wet
conditions of our soil columns in tandem with high amounts of leachate
volume, and thus likely do not reflect in situ losses of N and P from
organic matter sources at the same timescales. Rather, N and P leached

Fig. 4. Leaching of P and N leached as a percentage of total leached relative to fertilized soils (averaged for struvite and MAP) after 49.8 pore volumes (vp) through
the A horizon of an Argiudoll and Fragiudalf from central and southern Illinois, respectively, USA. CV, coefficient of variation.
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from the non-fertilized soils represents a combination of residual inor-
ganic N and P in addition to a likely maximum potential amount of N
and P mineralized.

Mehlich-3 P concentrations of the two soils are considered to be in
the optimal range for crop production, above the recommended critical
values of 22.5 mg kg− 1 for the Argiudoll in the central Illinois region
and of 25.0 mg kg− 1 for the Fragidualf in the southern Illinois region
(Fernández et al., 2010). This highlights the potential of P fertilizer
losses from adequately but not excessively P-fertilized soils, consistent
with mounting evidence that dissolved P losses can occur in soils with
non-excessive extractable P (Pote et al., 1996) and/or negative P bal-
ances (Hanrahan et al., 2023). It is important to note that we repeatedly
simulated extreme precipitation events to maximize the relative differ-
ences in dissolution and thus N and P leaching from struvite vs MAP.
Nonetheless, field-based experiments have demonstrated similar rela-
tive differences in N vs P loss reductions from struvite substitution for
MAP (i.e., greater N leaching reduction than P), and differences between
struvite and MAP leaching of N and P on the same soil types as the
present study (Leon et al., 2024).

Measured differences in leaching by soil types are based on sieved
(<2 mm) soils packed into columns for greater homogeneity and to test
hypothesized contributions of OM to P and N leaching. Packing soil
columns with air-dried, sieved soil is common approach (e.g., Lewis and
Sjöstrom, 2010; Plummer et al., 2004; Seol and Lee, 2001) to minimize
the heterogeneity of intact cores. While this approach is unable to pro-
vide insights on soil structure impacts on leaching, it is useful to provide
a standardized comparison (Kleinman et al., 2005) of inherent differ-
ences hypothesized for low and high water solubility ammonium
phosphate fertilizer leaching of N and P. The partial destruction of soil
structure and increased soil surface area with sieving is likely to have
increased mineralization relative to field conditions (Kpemoua et al.,
2022; Wade et al., 2018), though likely decreased inter-replicate (i.e.,
column) variability in mineralization (Hurisso et al., 2018) relative to
intact soil cores. On the other hand, differences in leaching in situ cannot
be estimated with ex situ techniques with high accuracy even with intact
cores (Kleinman et al., 2005; Hamaker, 1975), as soil morphology and
landscape position tend to dictate in situ leaching (Hall et al., 2023;
Martin et al., 2019). In particular, the fragipan horizon of the Fragiudalf
restricting vertical leaching losses past ≈40 – 60 cm depth in our study
landscape (Grossman et al., 1959; Miles et al., 1970), instead favoring
horizontal subsurface flow (Bockheim and Hartemink, 2013; Wilson
et al., 1987). Nonetheless, the objective of this study was to isolate ef-
fects of major United States Maize Belt soil types based on chemical
properties (e.g., clay, OM) with homogenization of soils by sieving,
which also ensures consistent and comparable flow among column
replicates (Maguire and Sims, 2002).

5. Conclusions

Soil column experiments utilizing 33P-labeled synthesized fertilizers
were conducted to test hypothesized lower P leaching losses from stru-
vite compared to MAP. Using packed columns for two soil types repre-
sentative of U.S. Maize Belt (Argiudoll and Fragiudalf), cumulative
fertilizer P leached was 8.2 % of struvite and 25.6 % of MAP over nearly
49 vp. Cumulative fertilizer N leached was 4.6 % for struvite and 50 %
for MAP, demonstrating 3-fold greater relative reduction in N (10.9-
fold) compared to P (3.1-fold) leaching. Significantly lower leached P
determined directly by quantifying 33P radioactivity of labeled fertilizer
indicates that the commonly used indirect omission approach can
overestimate P leaching in column experiments. Fertilizer leached based
on the direct 33P radioactivity method was on average 1.2 to 3.7-fold
lower for both ammonium phosphate fertilizers than the indirect esti-
mation by omission from 2.8–13.9 vp – when the majority of P losses
occurred. These findings support the hypothesized potential of struvite
as a fertilizer to reduce P but also N losses via leaching compared to
conventional highly water-soluble ammonium phosphate fertilizers such

as MAP. Additionally, our results point to the need to validate indirect
estimates of P fertilizer fate, including losses as well as crop uptake, by
using direct tracing via radioisotopic labeling to ensure accurate as-
sessments of fertilizer P fate using the more scalable and field-
deployable omission approach.
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