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Abstract
Management of phosphorus (P) inputs to agroecosystems is often evaluated by

phosphorus use efficiency (PUE), but different calculation approaches may yield

discrepancies in estimated PUE values. We evaluated PUE (i) indirectly calculated

by difference in crop P uptake between a P-fertilized versus a P-unfertilized control

(PUEdiff) and (ii) directly measured by tracing radioisotopically labeled fertilizer P

(PUEisotope). Using two ammonium phosphate fertilizers of high (monoammonium

phosphate [MAP]) and low (struvite) water solubility in three soils with non-limiting

extractable soil P concentrations (Mehlich-3 P > 25 mg kg−1), we find dissimilar

PUEisotope versus PUEdiff. PUEdiff often yielded negative values (77% of observa-

tions), whereas PUEisotope was (i) positive and (ii) higher (two- to fourfold) for MAP

than struvite, and (iii) unassociated with soil Mehlich-3 P concentrations. Thus,

PUEdiff appears to underestimate PUE and miss differences in PUE among fertil-

izerss. Our results raise the need to reconsider calculation of PUE and to address

practical challenges to in situ measurement of PUEisotope.

1 INTRODUCTION

Phosphorus use efficiency (PUE) is a keystone metric of the

extent to which inputs of P via soil-applied fertilizers support

crop production. Accurate assessments of PUE are necessary

to guide management of P inputs with a future of localized P

scarcity, volatile fertilizer costs (Brownlie et al., 2023), and

increasing negative impacts of off-farm P losses to surface

Abbreviations: MAP, monoammonium phosphate; PUE, phosphorus use

efficiency; RE, recovery efficiency.
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waters (McDowell et al., 2024). Understanding how much

of the P applied is used by the crop, referred to as the crop

recovery efficiency (RE), can be calculated in several ways

(Dobermann, 2007). The majority of PUE determinations

(i.e., REP) are indirect estimates of P uptake from the fertil-

izer, in which crop P uptake in a non-P fertilized soil is used

to estimate soil-derived P of crop P uptake in a P fertilized

soil. By difference, the amount of crop P putatively derived

from the fertilizer is then calculated. Termed the difference

method (Cassman et al., 2002), this approach to calculate

PUE (PUEdiff) is common, but concerns have been raised
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regarding its accuracy for P (Leon et al., 2024) as well as for

N (e.g., Quan et al., 2021).

Alternatively, radiolabeling P offers direct quantification of

P fertilizer contribution to crop uptake. In contrast to the indi-

rect approach of PUEdiff, PUE can be directly determined via
32P or 33P labeling (PUEisotope) of fertilizer by tracing crop

P uptake, though relatively short half-lives (t1/2
32P 14.3 days,

t1/2
33P 25.3 days) can challenge evaluations beyond vegeta-

tive growth stages. As two approaches to the same metric

of REP, PUEdiff and PUEisotope should be similar if not the

same to the extent that the assumption holds that soil P con-

tribution to crop P uptake is unaffected by P fertilization.

However, crop uptake of soil P is not agnostic to P fertiliza-

tion, as evidenced by documented greater P uptake without

fertilizer than with fertilizer and thus negative PUEdiff val-

ues (e.g., Nakayama et al., 2024; Wollmann & Möller, 2018).

Differences in P mineralization in soils with and without P

fertilization can also contribute to misestimation of use effi-

ciency (Dobermann, 2007) by changing how much soil P is

available for uptake as a function of fertilization. As P fertil-

ization has been found to increase (Oberson et al., 2001) or

decrease (Grierson et al., 1999) P mineralization, PUE would

be underestimated or overestimated by the difference method,

respectively.

The objective of this study was to compare values of

PUEdiff and PUEisotope, using early-stage maize growth as

a case study. To furnish differing soil and fertilizer P

contributions to crop uptake, a hypothesized determinant

of PUE (Syers et al., 2008), we evaluated PUE for two

ammonium phosphate fertilizers of high (monoammonium

phosphate [MAP]) and low (magnesium ammonium phos-

phate [struvite]) solubility across three soils with extractable

P concentrations above the critical soil test value (Mehlich-

3 P > 25 mg kg−1). We hypothesized (i) a discrepancy

between PUE by difference versus isotopic approaches, (ii)

the degree of which would be inverse to soil Mehlich-3 P

concentrations (i.e., increasing discrepancy with increasing

Mehlich-3 P concentration). Additionally, we hypothesized

(iii) relative differences in PUE between high versus low water

solubility fertilizers would depend on the method of PUE

determination.

2 METHODS

2.1 Soils

Soils with adequate (≥25 mg kg−1) to high Mehlich-3 P (Fer-

nández & Hoeft, 2012) were selected from three fields in

Illinois under maize (Zea mays L.)–soybean (Glycine max
L.) rotation (Table 1). Soils were sampled in spring 2020

after a previous season of maize production as a composite

of eight random samples at the 0- to 15-cm depth of the Ap

Core Ideas
∙ Comparison of phosphorus use efficiency (PUE)

calculated by difference (PUEdiff) versus radioiso-

topic labeling (PUEisotope).

∙ Similar and often negative PUEdiff across soils

(Mehlich-3 P 30–83 mg kg−1) and P fertilizers

(MAP versus struvite).

∙ PUEisotope was always positive and reflected higher

water solubility of MAP versus struvite.

∙ Soil Mehlich-3 P concentrations were (negatively)

related to PUEdiff for MAP only.

∙ PUEisotope is more sensitive and accurate than

PUEdiff but faces challenges to upscaling to the

field.

horizon. Air-dried and <4 mm sieved soils were used for the

greenhouse experiment.

2.2 33P labeling of ammonium phosphate
fertilizers

MAP (>95% water solubility) and struvite (<3% water sol-

ubility) were labeled with 33P as described in detail by

Chatterjee et al. (2024). In brief, labeled MAP was synthe-

sized by recrystallization of a supersaturated solution, and

struvite was synthesized by precipitation using an excess

of NH4
+ relative to PO4

3− and Mg2+. Carrier-free 33P

orthophosphoric acid was added based on a theoretical yield

of 0.027 mCi 33P g−1 to radioisotopically label MAP and stru-

vite, with a final labeling strength of 4694 kBq g−1 P for

struvite and 1778 kBq g−1 P for MAP.

2.3 Greenhouse experiment

A 3 × 2 factorial of the three soils (Table 1) and two P fer-

tilizers, as well as a P-unfertilized control, were evaluated in

quadruplicate in a greenhouse experiment as detailed by Chat-

terjee et al. (2024). Labeled struvite or MAP was applied prior

to planting at the rate of 43 kg P ha−1, using 2.3-L pots filled

with 1.8 kg soil. All pots received N (60 kg ha−1 as urea)

and K (50 kg ha−1 as potash) to isolate P effects on maize

growth by removing potential N and K limitations to growth.

Phosphorus was applied as a maintenance rate (i.e., replace P

removed with grain harvest) (Wortmann et al., 2018) based on

16.1 Mg maize grain ha−1 (Villamil et al., 2019), an approach

which is recommended at the measured Mehlich-3 P concen-

trations (Dodd & Mallarino, 2005; Hoeft, 2023). Soils were

maintained at 60% of maximum water holding capacity, deter-

mined prior to the experiment for each soil by gravity drainage
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T A B L E 1 Description of soils (0- to 15-cm depth) from fields under commercial maize–soybean production used to compare PUE between

indirect (by difference) and direct (by isotopic labeling) methods. Location is the county name in Illinois; USDA taxonomy is to the subgroup level;

pH was measured 1:2 soil:water; and Mehlich-3 P was quantified by inductively coupled plasma (ICP) optical emission spectroscopy (OES). Soils

represent the high organic matter, poorly drained Mollisols of central-north Illinois (Endoaquoll) and the more weathered, lower organic matter soils

of south Illinois (Albaqualf), both developed on loess with similar mineralogy (Odell, 1954).

Location USDA Taxonomy Textural class pH

Mehlich-3 P Total P Total organic C Total N
mg kg−1 mg kg−1 % %

Effingham Mollic Albaqualf Silt loam 6.2 82.7 668.6 1.77 0.18

LaSalle Typic Endoaquoll Loam 7.2 59.7 920.7 3.89 0.31

Champaign Typic Endoaquoll Clay loam 6.4 30.0 823.6 3.20 0.27

(Govindasamy et al., 2023; White & Mastalerz, 1966). Maize

was planted (hybrid UIUC4) and grown to vegetative growth

stage 7 (V7) until 44 days after emergence. While PUE can

differ among maize cultivars and hybrids (Fox, 1978; Li et al.,

2021), relative differences in PUE for the same hybrid enable

testing the hypothesis that the method of PUE determination

can entail discrepancies in PUE values.

Aboveground maize biomass was harvested, and duplicate

subsamples of oven-dried biomass were digested to determine

total P concentrations colorimetrically (31P) and 33P by liq-

uid scintillation counting as described by Chatterjee et al.

(2024). The proportion of aboveground maize P derived from

fertilizer was calculated as follows:

Amount of P from 33P

=
SR0

labeling strength per g P of fertilizer
, (1)

Percent of total P from 33P = Amount of P from 33P
Total P

× 100,
(2)

where SR0 is the specific radioactivity (SR) at the t = 0 time

of planting in plant tissue, expressed as kBq g−1. The SR0 was

calculated based on first-order decay model:

SR0 =
SR
𝑒−𝑘𝑡

, (3)

where k is the 33P disintegration rate constant, 0.027 day−1,

and t is the time (day) after planting.

Indirect PUE by difference (PUEdiff) was calculated as

follows:

PUEdiff (%) =
Total P uptake in fertilized treatment (mg) − total P uptake inunfertilized control (mg)

mg P applied pot−1
× 100. (4)

Direct PUE by radioisotopic labeling (PUEisotope) was

calculated as follows:

PUEisotope (%) =
Amount of P in plant tissue from 33P (mg)

mgP applied pot−1

× 100 (5)

Differences in PUE by soil, P fertilizer, and soil × P fer-

tilizer treatments were evaluated using two-way analysis of

variance separately for each method of determination in RStu-

dio. Assumptions of normality of residuals and homoscedastic

variances were confirmed. Means differences among soil × P

fertilizer treatments were assessed by Tukey’s honestly sig-

nificant difference (p < 0.05). Hypothesized discrepancies in

PUE values by calculation method were assessed by com-

paring differences, or lack thereof, in PUE among soil × P

fertilizer treatments. Linear relationships of soil Mehlich-3

P concentrations with PUE values, and between PUE meth-

ods of determination and by fertilizer, were assessed using

Pearson’s correlation coefficient.

3 RESULTS AND DISCUSSION

3.1 Discrepancies in PUE determined
isotopically versus by difference

PUE values calculated directly by radioisotopic labeling were

positive and higher than values determined indirectly by the

difference method, which were negative for 77% of observa-

tions and only positive for MAP in the Typic Endoaquoll at

Champaign (Figure 1). Negative PUEdiff signified that maize
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F I G U R E 1 Phosphorus use efficiency (PUE) of high water solubility monoammonium phosphate (MAP) and low water solubility magnesium

ammonium phosphate (struvite), determined (a) indirectly by the difference method (PUEdiff) and (b) directly via radioisotopic labeling (PUEisotope).

The p-values indicate soil, P fertilizer, and interaction thereof determined by analysis of variance.

aboveground P uptake from P-unfertilized treatments was

higher than with P fertilization. The plasticity of maize in

increasing uptake of P from soil when not fertilized or when

fertilized with low solubility P sources to maintain the same

aboveground biomass and P uptake across treatments (soil ×
fertilizer) is consistent with evidence that plant P uptake is

not agnostic to P inputs. For example, root and mycorrhizal

acquisition strategies can shift in kind and intensity (Lynch,

2007). These results challenge the fundamental assumption

of PUEdiff, particularly for soils managed to have relatively

high concentrations of extractable P by agronomic tests.

By deliberately evaluating soils that did not have low

extractable P concentrations (Mehlich-3 P), our results illus-

trate discrepancies between PUEdiff and PUEisotope that reflect

realistic conditions of soils managed to have ample P avail-

ability. In low P availability soils, PUEdiff is likely comparable

to PUEisotope because soil P sources for uptake are negligible,

and thus the assumption of similar P uptake by the plant in the

P-unfertilized versus P-fertilized treatment is valid. For exam-

ple, greater PUEdiff was positive (9.1%–26.6%) for wheat

(Triticum aestivum) vegetative growth in a soil with negligi-

ble extractable P (Olsen P < 0.7 mg kg−1) (Erro et al., 2011)

two orders of magnitude below the critical threshold (Olsen

P 12 mg kg−1) (Steinfurth et al., 2022). In contrast, soils with

slightly below adequate to sufficient Mehlich-3 concentra-

tions yielded negative PUEdiff for soybean grain (Nakayama

et al., 2024).

In our soils from commercial fields managed by farmers

to be above the critical soil test value, ample soil P availabil-

ity enabled non-similar, majority uptake of P by maize from

soil in which more soil P was taken up without than with P

fertilization, consistent with evidence for plasticity in maize

scavenging of soil P (Zhang et al., 2021). Greater P uptake

without P fertilization challenges the central assumption of

PUEdiff and raises the possibility of underestimating PUE

T A B L E 2 Relationships of soil Mehlich-3 P concentration in soils

(pre-fertilization) and phosphorus use efficiency (PUE), separately by

fertilizer type and PUE method of determination by difference (PUEdiff)

versus directly by isotopic labeling (PUEisotope), and separately by

monoammonium phosphate (MAP) versus magnesium ammonium

phosphate (struvite) fertilizers.

PUEdiff PUEisotope

MAP Struvite MAP Struvite
R2 0.363 0.091 0.103 0.000

p 0.003 0.174 0.147 0.989

in field experiments—though such underestimation is only

noticeable when PUEdiff values are negative. We hypothesize

that in soils with low P availability—unlike our soils—

PUEdiff is relatively less underestimated because non-similar

P uptake from soils between fertilized and unfertilized treat-

ments would be expected to be lesser (i.e., similar uptake

of soil P regardless of P fertilization). Field-scale experi-

ments comparing PUEdiff and PUEisotope are needed to test

this hypothesis.

3.2 Soil-derived P and PUE discrepancies

PUEdiff was negatively associated with soil Mehlich-3 P con-

centrations (p = 0.08) but specifically for MAP (p = 0.003)

and not struvite (p = 0.17) (Table 2; Figure S1). This partly

supports the hypothesis that higher soil available P favors neg-

ative PUEdiff values. However, contrary to our hypothesis,

PUEisotope was not inverse to soil Mehlich-3 P concentra-

tions (p = 0.61), regardless of P fertilizer (pMAP = 0.15,

pstruvite = 0.99) (Table 2). This could reflect soil extractions

such as Mehlich-3 not accurately assessing plant-available

inorganic P in soils (Morel et al., 2021). Maize uptake of P
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mineralized from organic matter would also lessen the con-

tribution of Mehlich-3 P to maize uptake (Oberson & Joner,

2005). A major limitation of our approach is evaluating three

soils and thus only three soil Mehlich-3 concentrations, albeit

across a wide range (30–83 mg kg−1), which reflects prac-

tical (e.g., safety and cost) constraints to 33P radiolabeling.

Additionally, hypothesized relationships between soil P and

PUE approaches may manifest differently at the measured

early-stage growth (V7) versus harvest. However, the growth

period assessed is critical for maize P uptake: while only

≈8% of final aboveground P uptake occurs by V7 (Bender

et al., 2013), maize yield is highly sensitive to P availabil-

ity from germination to V6, regardless of later P supply

(Barry & Miller, 1989). Edaphic influences on PUE, such

as mineralogy and pH, could entail differences in discrep-

ancies among methods of determination and merit future

study.

3.3 PUE differences by ammonium
phosphate solubility

Differences in PUE between P fertilizers based on fertilizer

solubility across soils were detected by PUEisotope but not

PUEdiff as hypothesized. MAP exhibited twofold to fourfold

higher mean PUEisotope than struvite across soils, whereas

PUEdiff was higher (less negative) (Typic Endoaquoll at

LaSalle) or similar (Mollic Albaqualf and Typic Endoaquoll

at Champaign) for MAP relative to struvite (Figure 1).

PUEisotope and PUEdiff were positively associated for stru-

vite (p < 0.0001) but not MAP (p = 0.178) (Figure S2).

Due to lower P solubilization and thus crop availability, PUE

is generally lower for low water solubility P fertilizers such

as phosphate rock relative to high water solubility fertiliz-

ers such as superphosphates or ammonium phosphates (Chien

et al., 1996; Franzini et al., 2009). For example, PUEdiff was

reported to be 2.9-fold higher for water-soluble single super-

phosphate (26.6%) than water-insoluble dicalcium phosphate

(9.1%) for wheat (T. aestivum) vegetative growth in a P-

deficient soil (Olsen P < 0.7 mg kg−1) (Erro et al., 2011).

PUEisotope in vegetative growth of maize was fourfold higher

for triple superphosphate (10.5%) than phosphate rock (2.5%)

in a P-deficient soil (resin P 6 mg dm−3) (Franzini et al.,

2009). On the other hand, the enhanced residuality of low

water solubility P fertilizers such as phosphate rock (Pavinato

et al., 2017; Szilas et al., 2007) or struvite (Gu et al., 2021)

means that multiyear PUE may increase and converge over

time to match the PUE of high water solubility fertilizers.

However, the short half-life of P radioisotopes limits the

feasibility of multiyear PUEisotope assessments—a fundamen-

tal challenge requiring evaluation of trade-offs of labeling

strength with radiation artifacts on crop growth (Mattingly &

Widdowson, 1958) as well as safety.

4 CONCLUSION

PUE is a keystone metric for P input management, and can be

calculated indirectly by difference with a P-unfertilized con-

trol (PUEdiff) or directly by radioisotopic (32P or 33P) labeling

of fertilizers (PUEisotope). Using two ammonium phosphate

fertilizers of high (MAP; >95%) and low (struvite; <3%)

water solubility, we demonstrated dissimilar PUEisotope versus

PUEdiff in three soils with non-limiting soil P concentrations

(Mehlich-3 30–83 mg P kg−1). PUEisotope was consistently

higher than PUEdiff, which yielded negative values (i.e.,

greater P uptake without than with P fertilization) for over

three-fourths of observations. Soil Mehlich-3 P concentra-

tions were inversely associated with PUEdiff for MAP but not

struvite, and were unrelated to PUEisotope. In soils with suffi-

cient concentrations of soil P as determined by agronomic soil

tests, PUEdiff may yield nonsensical (i.e., negative) or under-

estimated PUE values and/or miss differences in PUE among

P fertilizers that are detected by PUEisotope. These results sug-

gest a need to reconsider approaches for PUE determination to

ensure accuracy of assessments, especially at the field scale.
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