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Abstract: Phosphorus (P) is an essential macronutrient for plant growth, and its deficiency in soils poses
a significant global challenge to agricultural productivity, particularly in cereal-based cropping
systems. A substantial proportion of global croplands and grasslands are classified as P-deficient,
necessitating phosphorus inputs to sustain soil fertility and food production. However, optimizing
phosphorus use efficiency (PUE) is critical to reducing environmental impacts while maintaining
agricultural sustainability. This review explores best management practices (BMPs) for enhancing
phosphorus use, emphasizing sustainable strategies that mitigate ecological consequences. It highlights
the need for integrated approaches that account for local agricultural conditions, economic feasibility,
and environmental sustainability. By advancing knowledge of P cycling, soil health, and innovative
fertilizer application techniques, this study aims to promote sustainable phosphorus management.
Implementing these BMPs can help stakeholders balance crop productivity with environmental
stewardship, ensuring the long-term viability and resilience of cereal-based cropping systems globally.
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1. Introduction

Nutrients are essential for life, for plants, animals, and humans. Seventeen nutrients are essential
for plants to grow and reproduce (White and Brown, 2010). Nutrient supply, through the application
of nitrogen and phosphorus (P) fertilizers, has been an essential resource in sustaining the increase in
food production since the 1960s (Stewart et al., 2005a; McArthur and McCord, 2017; Dobermann et al.,
2022). Yield gap studies have shown that in several cereal cropping systems, nutrients are responsible
of a large portion of the gap (Stewart et al., 2005a; Krasilnikov et al., 2022; McDowell et al, 2024; Scholz
et al., 2025). However, the sharp increase on the use of N and P fertilizers has also been responsible of
several environmental issues: GHG emissions, surface-water eutrophication, and heavy-metal
contamination, among others (Dobermann et al., 2022). Rockstrom et al. (2020) indicated that N and P
fluxes have largely exceeded the safe-operating planetary boundaries.

Phosphorus is characterized as a macronutrient because of the amount required by plants and its
frequency of deficiency in cropping systems along with nitrogen and potassium (Ziadi et al., 2013).
Phosphorus is the 11th most abundant element in the earth’s crust, and its concentration in soils
generally fluctuates between 100 and 3,000 mg P kg soil, or 200-6,000 kg P ha! (Mengel, 1997). Despite
of its abundancy in the earth’s crust, P deficiency has been identified in many areas of the world
(McDowell et al., 2023). McDowell et al. (2024) estimated that 45-74% of the global cropland and 51-
80% of grasslands are grown in P-deficient soils.

P fertilizers are produced from phosphate rock that is a finite non-renewable resource, and they
provide for the maintenance and improvement of soil P status and agricultural production, but their
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incorrect use might result in negative environmental impacts because of P surpluses/deficits (Johnston
et al., 2014). Future supply of P would be limited by scarcity or exhaustion of rock phosphate reserves
although the longevity of P resources is ample discussed by several authors (Cordell and White, 2013;
Mardamootoo et al., 2021; McDowell et al, 2024; Scholz et al., 2025). Most of them would agree with
projections of at least +300-1000 years of rock P availability (Argus-IFA, 2023; Scholz et al., 2025).

Approximately 85% of the annual phosphate production is used as P fertilizers, which represent
approximately 90% of the annual P inputs to agricultural land (Cordell et al., 2009; Lun et al., 2018).
The recent study of Scholz et al. (2025), estimates that about 93% of the total annual mined P flows are
used for food production. If weathered P is added to this mined P, the total use efficiency would be
with a low total use efficiency of 5-10% (mine to fork). This total P use efficiency would be potentially
improved by improving the P use efficiency of fertilizers and agricultural-by-products, recycling P
from industry and household wastes, and optimizing animal and human diets (Brownlie et al., 2022).

Modern terrestrial P cycle is dominated by agriculture and human activity, but with a wide
variation ~ among  regions (Demay et al, 2023). According to  FAOSTAT,
(https://www.fao.org/faostat/en/#data/), P fertilizer use has increased globally from 4.8 to 18.3 Tg of
P-y~ from 1961 to 2022, a 284% increase in a period of 62 years (Figure 1). MacDonald et al. (2011)
estimated global agronomic inputs of P fertilizer at 14.2 Tg of P-y~!, and manure at 9.6 Tg of P-y! by
2000. These inputs exceeded P removal by crops (12.3 Tg of P-y), but the authors indicated that P
deficits covered almost 30% of the cropland, given the unbalanced regional distribution of P
application.
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Figure 1. Agricultural P fertilizer use at different regions of the world, 1961-2022. Data from FAOSTAT
(https://www .fao.org/faostat/en/#data/RFN, verified 3 December 2024).

Zou et al. (2022) estimated that the total application of P fertilizers in croplands was of 18 Tg P yr-
1in 2013 and projected it to increase to 22-27 Tg P yr! by 2050. These authors estimated a global surplus
(P inputs-P removal) of 6 kg P ha™ yr' in 2019, and that the mean global P residual in soil in 2019 has
accumulated to 212 kg P ha! since 1961.

Phosphorus inputs and surpluses widely differ across regions and countries (Lott et al., 2009;
Mogollon et al., 2018; Demay et al.,, 2023), and in fact, across cropping systems as withdrawals and
fertilizer additions depend on crop choice (Jobbagy and Sala, 2014; Lukowiak et al., 2016). Countries
such as Argentina, Russia, US, most African nations and some European nations show P balances close
to neutral or negative, while China, India, Brazil and others show positive balances (Lott et al., 2009;
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Zou et al.,, 2022). According to FAO data (https://www .fao.org/faostat/en/#data/ESB), global P
balance for the main 15 field crops producing countries, in 2019-2021, averages +13.9 kg P ha, but with
variations between -6.2 kg P ha for Argentina to +25.9 kg P ha' for Bangladesh (Table 1).

Table 1. Phosphorus balance (P input — P removal, kg P/ha) for the 15 top producing countries and for the world.
Source: FAOSTAT, averages 2019-22.

Country P balance
China 21.2
United States of America 4.3
India 11.2
Brazil 23.3
Russian Federation 0.3
Argentina -6.2
Canada 2.5
Ukraine 4.1
Indonesia 4.1
France 2.4
Bangladesh 259
Pakistan 13.8
Australia 4.6
Viet Nam -0.5
Germany 3.4
World 13.9

Phosphorus fertilizer use in agriculture has contributed to three-fold increases in cereal grain
production (Figure 2). According to IFA (2022), cereals received about 49% of world P fertilizer
application in 2018: 18% for maize, 15% for wheat, and 13% for rice. Soybean share was of 11% of global
P consumption. The same IFA report indicates a high variation in P rates among crops and countries,
but averages were of 22-23 kg/ha for maize, 19-20 kg/ha for rice and soybean, and 16-17 kg/ha for wheat.
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Figure 2. Field crop production at different regions of the world, 1961-2022. Data from FAOSTAT
(https://www fao.org/faostat/en/#data/QCL, verified 3 December 2024).
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Phosphorus imbalances, either deficits or excesses, would affect cropping systems productivity
and crop nutritional value (MacDonald et al., 2011; Wall and McDonald, 2015; Dobermann et al., 2022;
Pefiuelas and Sardans, 2022). Phosphorus deficiencies have reduced attainable cereal production in
many areas of the world such as sub-Saharan Africa (SSA) (Dobermann et al., 2022). Adequate P supply
has shown to increase crop yields and quality (Aulakh et a., 2003; Valkama et al., 2009; McLaughlin et
al., 2011; Schlindwein et al., 2013; Johnston et al., 2014: Vieira et al., 2015; Aune et al., 2017; Saito et al.,
2019; Vanlauwe et al., 2023).

Excess P can lead to environmental issues, such as eutrophication of surface waters, including
streams, rivers, lakes, and coastal seas (Carpenter et al., 1998; Schoumans et al., 2015; Withers et al.,
2019). Such P excesses are frequently associated with agricultural practices involving overuse of
fertilizers and improper manure disposal, as well as contributions from urban areas (Sharpley et al.,
2015).

Increasing the efficiency of use and cycling of P arise as an essential need at the planetary scale
(Cordell and White, 2013; Withers et al., 2014; Brownlie et al., 2022; Penuelas and Sardans, 2022).
Management of P for enhancement of P use efficiency (PUE) should be based on the knowledge of its
dynamics in the soil-crop system and varies depending on the soil, environment and cropping system
conditions and management.

Four main issues are generally considered when discussing past, current and future P demand,
use, and management (Schroder et al., 2011; Suh and Yee, 2011; Johnston et al.,, 2014; Sharpley et al.,
2015; Pefiuelas and Sardans, 2022; Grieger et al., 2024):

1. Concern on P scarcity: Rock P reserves and resources are of non-renewable nature.

2. Need for P application in P-deficient soils of many world regions: Under-application has been
largely reported for cropping systems of Africa and South America as well as in many
regions of other countries.

3. Mitigation and reduction of environmental impacts of excessive P applications: Over-
application of P has impacted water quality in many areas of the world. Work done in
recent years has emphasized the need for suitable P management under these conditions.

4. Improve P use efficiency, recovery and recycling, as it relates to the previous three points.
The objective of this review is to present and discuss 4R nutrient stewardship as applied to P

focused on cereal-based cropping systems. As background for the discussion of BMPs for P in cereal-

based cropping systems, we would briefly review P cycling in field crop agroecosystems, and P use
efficiency across world cereal-based cropping systems. Based on the 4R nutrient management
framework, we address concepts of nutrient management such as integrated plant nutrient
management (IPNM), site-specific nutrient management (SSNM), new fertilizer technologies, and
others. Similarities and differences in sustainable P management among different regions and cropping
systems are discussed, as well as specific situations of low-input systems, organic farming and others.

2. P in the Soil-Crop Ecosystem

Soil is the basic source of P for crops. The primary P minerals are fluorapatite in igneous rocks and
authigenic carbonate-fluorapatite (Filippelli, 2002, 2008). All these minerals contain phosphate linked
to calcium, and weathering proceeds as result of the reaction with carbon dioxide (COz). Several
processes are involved in weathering: biochemical respiration releasing COz, organic acid exudates
from plant roots, release of phosphatase enzymes by plants, and mycorrhizae symbiosis.

2.1. P Cycle in Field Crop Systems

Phosphorus is typically regarded as a nutrient with low mobility within the soil system, and
understanding this characteristic is crucial for effective agronomic management. Figure 3 shows a
general diagram of the P soil-plant dynamics for cereal crop-based agroecosystems. Crop roots uptake
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P from the soil solution which typically exists at low concentration (0.1-0.3 mg kg"). Soluble P is
replenished from organic and inorganic fractions which vary in availability. Chemical, biological and
physical reactions, such as sorption/desorption, precipitation/dissolution, and
mineralization/immobilization, govern the equilibrium of the P soil fractions (Pierzynski et al., 2005).

From a more practical approach, Johnston et al. (2014) refer to the behavior of soil P as an
equilibrium of four pools of decreasing accessibility: immediately available, readily available, less
readily available, and very low availability.
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Figure 3. Diagram of the P cycle in agricultural land. Black lines show transformations, green lines inputs, and red

lines outputs/losses.

Solution P concentration is very low, in the range of 10°-10M, and it is replenished several times
a day to maintain the uptake demand of growing crops (Mengel and Kirby, 2001). Inorganic P pools
are associated to Fe-or Al-phosphates under neutral to low soil pH conditions and to Ca-phosphates
under neutral to high pH conditions (Penn and Camberato, 2019). Prevalence of sorption/desorption
or precipitation/dissolution reactions depend on pH and on minerology (clay content) (Pierzynski et
al., 2005).

Organic P represents 30% to 65% of total P in the surface soil layers and most of this organic P is
incorporated within chemically and physically protected forms which slowly degraded (Condron et
al., 2005). Organic forms of soil P have been mainly identified as inositol phosphates, phospholipids
and nucleic acids, other forms include sugar phosphates, phosphoproteins and phosphorylated
carboxylic acids. However, much organic P remains unidentified.

When P is added, either as a mineral or organic source, the released phosphate anions are adsorbed
in the surface of organo-clay colloids and/or precipitate in different forms (McLaughlin et al., 2011;
Syers et al., 2008), depending on the soil properties and on the fertilizer. Degryse and McLaughlin
(2014) found that the extent of P diffusion was limited in soils rich on amorphous Al and Fe oxides and
in calcareous soils. The initially adsorbed P slowly penetrates the reacting surfaces (Barrow et al., 2018).

Only 15-25% of the applied P is usually recovered by the first crop (Chien et al., 2012; Johnston et
al., 2014). However, the remaining added P would be recovered along the successive cropping seasons,
and, depending on soil texture, mineralogy and available P, recovery may be as large as 90% (Johnston
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et al., 2014; Johnston and Poulton, 2019). This is considered the residual P (Barrow et al., 2018; Johnston
and Poulton, 2019).

Years of successive P applications, especially with P rates larger than crop P removal (positive
balances) would build soil P (Johnston and Poulton, 2019). This situation has happened in many cereal
producing regions of the world (MacDonald et al., 2012). This buildup of P has been called “legacy P”
(Gatiboni et al., 2021). Legacy P is involved in undesired externalities which affect surface and ground
water quality. Use of legacy P by reducing or stopping P application is an alternative to take advantage
of this P buildup, reduce these undesired impacts, and improve PUE. Xu et al. (2024) evaluated the
effects of long-term P fertilization (117 years) at the Morrow plots (Illinois, USA), and found that
fertilization impacts on total soil P and soil P fractions were mostly limited to surface depths (0-30 cm);
positive P balances enriched labile inorganic and organic pools and depleted non-labile organic
fractions.

Continuous P fertilizers/organic sources application usually results in P stratification as P
accumulates in the surface soil. Under conservation tillage systems, stratification and surface P
accumulation (0-5 ¢cm, 0-2.5 cm) would be more intense as soil is not mixed (Nunes et al., 2020).
Stratification is a concern because plant roots tend to develop in the high-phosphorus surface layer of
the soil, potentially impacting crop growth. However, the main concern with P stratification is the
increased risk of P runoff and erosion. Under soil P stratification, Baker et al. (2017) propose periodic
soil inversion and mixing as a viable practice to reduce dissolved reactive P input to Lake Erie.

2.2. P Functions in Plants

Phosphorus plays an essential role in several physiological processes in plants as component of
genetic, metabolic, structural and regulatory molecules (White and Hammond, 2008). Plant tissue P
concentrations vary between 0.3% and 0.5% of the dry matter as component of phospholipids, nucleic
acids, nucleotides, coenzymes, and phosphoproteins (Marschner, 1995).

As P concentration in the soil solution is low, P is supplied to the roots mostly by diffusion.
Phosphorus is absorbed by plants as orthophosphate ions, H:2POs and HPO4?*, and uptake is controlled
by plant demand. It is an active uptake as concentration in plant cells is 100-1000-fold higher than in
the soil solution. Once absorbed, P is rapidly involved in metabolic processes (Mengel and Kirby, 2001).

Phosphorus deficiencies in plants are generally related to their role in energy transfer and storage.
Crops with P deficiency show reduced and slow initial growth. In general, P deficiencies affect growth
more than photosynthesis per unit of leaf area (Marschner 1995; Mengel and Kirkby 2001; White and
Hammond, 2008). Plants with P deficiencies mainly show less leaf expansion and fewer leaves or tillers
(e.g. wheat, Rodriguez et al.,, 1999) or branches (e.g. soybean), depending on the crop. In contrast,
protein and chlorophyll contents per unit of leaf area are not greatly affected by P deficiencies.
Therefore, the greater effect on leaf growth than on chlorophyll content explains why the concentration
of chlorophyll becomes comparatively high and the color of the leaves, especially of the youngest ones,
turns dark green. Since P is a mobile nutrient in the plant, deficiency symptoms appear first on older
leaves (purple or reddish color). Also, P-deficient plants prolong dormancy, mature early, and decrease
size and number of flowers and buds.

Under low concentrations of P in the soil solution, plant root architecture, mycorrhizal association,
and chemical and biological processes in the rhizosphere play a main role in P availability to plants
(White and Hammond, 2008; Richardson et al., 2011; Shen et al., 2011). Lambers (2022) states that when
the availability of soil P is low, soil characteristics and root morphology govern plant P acquisition,
whereas kinetic properties of the P-uptake system are of lower importance. Shen et al. (2011) noted
that plant P nutrition dynamics are controlled by P dynamics in the soil/rhizosphere-plant
continuum, involving root architecture and exudation adaptations to balance heterogenous
soil P supply. These authors suggested that a better understanding of P dynamics in the
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soil/rhizosphere-plant continuum is required to establish integrated P-management
strategies.

P improves water use efficiency in crops by improving root growth and maintaining a high leaf
water potential which result in improved water uptake and maintain cell turgidity increasing
photosynthetic rate (Waraich et al., 2011; Kang et al., 2014; Savala et al., 2021).

2.3. P Requirements of Field Crops

Field crops of cereal-based agroecosystems vary in their P requirements as well as in the grain
nutrient concentration. Ludemann et al. (2023) compile data of grain P concentration of several crops
in building the global cropland nutrient database of FAO (Table 2). These authors emphasize that
nutrient concentrations of the main crops would widely fluctuate, a coefficient of variation of 34% was
reported, and recommend using country or region average values, if available, for the estimation of
nutrient balances at different scales until better data become available (Ludemann et al., 2024a and
2024b).

Crop P requirements, defined as P uptake per t of grain, also vary across crop species, and
environmental and management conditions. Table 3 compiles literature data on P uptake, P grain
concentration, and P harvest index for field crops at different cropping systems across the world.

The dynamics of crop P uptake in field crops usually follows an “S” shape along the growing
season with low P rate uptake at initial stages, then an increase in the uptake rate and a decrease after
initiation of reproductive periods. Figure 4 shows the dynamics of P uptake for maize under two
nitrogen fertilization rates (Ciampitti et al.; 2013). Although P requirements are key in the early stages
of the crop to achieve high yields, it begins to accumulate at a maximum rate after V5-V6 in maize. At
flowering, the crop has accumulated between 45% and 55% (Bender et al., 2013) of the total P uptake.
The harvest P index ranges between 69% and 85% (Table 3).

Under high-yielding environments of southern Chile, Sandafa and Pinochet (2011) reported that
P deficiency in wheat mainly affected aboveground biomass accumulation because of a reduction on
cumulative solar radiation intercepted and has minor effects on radiation use efficiency and P harvest
index. Figure 5 shows the temporal dynamics of P uptake in wheat at three different soil P test
conditions at southern Buenos Aires province (Argentina).

For soybean, Bender et al. (2015) and Barth et al. (2018) reported grain P concentrations of 4.4-4.8
kg t* and P harvest index above 80%, with a pattern of P uptake similar to dry matter accumulation
(Figure 6). Figure 7 shows the seasonal P accumulation pattern for rice (Meus et al., 2020).

Table 2. Removal of P by field crops (Ludemann et al, 2023). Data available at
https://datadryad.org/stash/dataset/d0i:10.5061/dryad .n2z34tn0x.

Crop P removal
(FAO nomenclature) (kg P t! grain)

Barley 3.46
Beans, dry 5.71
Buckwheat 2.20
Canary seed 2.90
Chickpeas 5.06
Groundnuts, with shell 3.61
Lentils 5.88
Linseed 7.04
Lupins 5.06
Maize 2.94
Millet 3.91

Mustard seed 9.24
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Oats 3.73
Peas, dry 8.73
Quinoa 2.20
Rapeseed 7.04
Rice, paddy 2.87
Rye 3.42
Safflower seed 5.33
Seed cotton 11.62
Sesame seed 5.12
Sorghum 3.83
Soybeans 6.33
Sunflower seed 4.09
Triticale 2.86
Wheat 3.84

Table 3. Ranges of P requirements for field crops.

Uptake P harvest index RemO\fal m
Crop grain References
kg t! % kg P t1 grain
Bender et al., 2013
Setiyono et al., 2010
Maize 2.7-45 69-85 2.3-3.7 Ciampitti et al., 2013
Xu et al., 2013
Karbo et al., 2017
Malhi et al., 2006
Selles et al., 2011
Lazaro et al., 2012
Wheat 2.7-52 68-90 2.2-45 Chuan et al., 2013
Wall and McDonald, 2015
Divito et al., 2017
Karbo et al., 2017
Dobermann et al., 1998
2.0-4.5 60-70 1.7-2.6 Dobermann and Fairhurst, 2000
Xu et al., 2015
823 83 6.83 Karb‘o e't al., 2017
Soybean 6.54 67 4.36 Salvagiotti et al., 2021
’ 3.8-6.2 Nakayama et al., 2024
Murrell, 2008
Barley 2.6-4.0 75-87 22-3.7 Malhi et al.,, 2006
Ciampitti and Garcia, 2007
Sorghum 4.4 82 3.6 Murrell, 2008
Ciampitti and Garcia, 2007
Sunflower 11.0 62 4.3-6.8 Murrell, 2008
Canola 15.0 73 11.0 Ciampitti and Garcia, 2007
Murrell, 2008
Oats 33 87 2.6-3.9 Malhi et al., 2006
Ciampitti and Garcia, 2007
Rye 4.3 60 2.6-3.6 Murrell, 2008
Foxtail Millet 4146 - - Mubeena et al.2019

Setaria italica
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Pearl millet

) - - 1.8-3.1 Payne et al., 1995
Pennisetum glaucum
Finger millet 2.9-5.0 48-56 1228 Prashanth et al. 2019
Eleusine coracana
Quinoa 4.2-4.7 62-67 2.8 Alvar-Beltran et al., 2021
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Figure 4. P uptake of maize from emergence until physiological maturity without and with N fertilization. The

arrow indicates the date of anthesis. Adapted from Ciampitti et al. (2013).
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Figure 5. P uptake of wheat from seeding until physiological maturity at three levels of soil Bray P test at southern
Buenos Aires (Argentina). A. Berardo, INTA-FCA Balcarce (pers. comm.).
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Figure 6. Seasonal accumulation and partitioning of P for soybean (average yield of 6.6 t grain/ha) at Ponta Grossa,
Parand, Brazil (Barth et al., 2018).
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Figure 7. Seasonal accumulation and partitioning of P for rice (Redrawn from Meus et al., 2020).

3. P Use Efficiency in Cereal-Based Cropping Systems Around the World

Improving P use efficiency (PUE) is key in achieving the goals established for P security and
simultaneously addressing P deficits and environmental concerns across different world cereal-based
cropping systems (Cordell and White, 2013; Sharpley et al, 2015; Blackwell et al., 2019). Enhancement
of PUE along the whole food systems requires proper management in process and transformations
from the mine to the consumer (Suh and Yee, 2011; Stamm et al., 2022). Along the P use chain,
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agricultural P use is key in achieving P security, “The agricultural sector is at the heart of phosphorus use”
as stated by Cordell and White (2013).

Johnston et al. (2014) discuss three methods (direct, difference, and balance) to estimate PUE. The
“direct method” involves the determination of crop recovery of added P by labeling the P fertilizer with
the radioisotope 2P; the “difference method” estimates crop recovery of added P by difference in crop
P uptake between a fertilized and an unfertilized crop; and the “balance method” involves the ratio of
P removed in harvested part of the crop to total P applied (P removal/P input). They suggested the
“balance method” for evaluating cropping systems (Syers et al., 2008; Chien et al., 2012). The “balance
method” considers that the replacement of P removed by crops from the soil is an efficient approach of
using applied P (Johnston et al., 2014). Generally, estimates of PUE for the first crop are low, however,
because of the residual effect of P, recovery and PUE improve if considering succeeding crops in the
rotation (Syers et al., 2008).

Fertilizer P use efficiency estimated by “difference method” (% of P uptake from applied fertilizer
P), has been reported at only 10-15% for agriculture (Johnston et al., 2014) or 16% for cereal crops
(Dhillon et al., 2017). Zou et al. (2022) evaluated the historical trend in PUE (balance method) indicating
that it was 55% in 1961, 44% by 1980 and 66% in 2019. Lun et al. (2018) estimated an average world
cropland PUE of 46% for cropland, but with high variations among regions because of P input
differences, i.e. extremes of PUE of 151% and 27% at Western/Central Africa and Eastern Asia,
respectively.

Zou et al. (2022) indicated that PUE relates to P surplus and varies across countries according to
income level (Figure 8). The evolution of PUE according to income level, from mining soil P to early
development and sustainable intensification, is exemplified by the analysis of Guejjoud et al. (2024) for
France for the periods 1920-1959, 1960-1991, and 1992-2020, respectively. The evolution of PUE for
seven main grain producing countries in 1961-2022 is shown in Figure 9: Three high/upper middle-
income countries, the US, France and Russia (1991-2022), transitioned to a sustainable intensification;
and three low/upper middle-income countries, China, India and Pakistan, transitioned from a from
mining to early development stage.

Mining soil P /\

Hypothetically
sustainable PUE

Early
development

PUE

Sustainable
intensification

Income level

Figure 8. Hypothesized relationship between income level and PUE, redrawn from Zou et al. (2022).
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Figure 9. Evolution of PUE for seven main grain producing countries PUE was estimated from FAOSTAT data on
Cropland Nutrient Balance as P out/P input.

Main drivers of PUE at the country scale, other than economic growth, are N use efficiency,
fertilizer-to-crop price ratio, farm size, crop mix, and agricultural machinery (Zou et al., 2022). At the
field level, PUE depend on soil conditions, plant/crop and crop/soil management, and mostly of
fertilization management practices (Figure 10) (Johnston et al., 2014). PUE is higher under low P rates
and low P availability (Garcia, 2004; Barbieri et al., 2014; Lun et al., 2018; Ros et al., 2020; Balboa et al.,
2024) (Figure 11).

e pH * Root * Psource
* Texture architecture * Application time
* Minerology * Mycorrhizae  Placement
¢ Organic matter * Root exudates * Crop
 Water availability * Microbial effects management

* Prequirements * Tillage

* Internal P

efficiency

Figure 10. Soil, plant/rhizosphere and management factors affecting PUE.
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Figure 11. PUE as a function of P input per area at the country level from FAOSTAT data (left); and agronomic P

use efficiency as function of soil P test at wheat experiments at Argentina (Garcia et al., 2004) (right).

Soil factors affecting PUE are soil P status, texture, pH, organic matter, mineralogy, availability of
other nutrients, water availability, and physical conditions (compaction, dense layers) (Syers et al.,
2008; Valkama et al., 2009; Johnston et al., 2014; Blackwell et al., 2019; Qaswar et al., 2020).

Crops and genotypes differ in yield responses to P fertilization (Hammond et al., 2004), mainly
due to P acquisition efficiency (PUpE) rather than P utilization efficiency (PUtE) within the plant (Vance
et al., 2003; Fernandez et al., 2009; White and Brown, 2010; Veneklaas et al., 2012; van de Wiel et al.,
2016). Plants and microorganisms may improve PUE through: (i) root-foraging strategies which
improve P acquisition by lowering the critical plant P requirement; (ii) P-mining strategies for
enhancing desorption, solubilization and/or mineralization of soil P using root exudates, and (iii)
breeding for improving internal P-utilization efficiency (Fernandez et al., 2011; Richardson et al., 2011;
van de Wiel et al., 2016).

Management factors affecting PUE are rotation, cover crops, crop variety, fertilizer placement,
fertilizer product, application time, and fertilizer modifiers/conditioners (Syers et al., 2008; Hallama et
al., 2019; Hopkins and Hansen, 2019; Lizcano Toledo et al., 2022; Crespo et al., 2024).

Blackwell et al. (2019) stated three overall key actions for managing PUE: i) Improving the
efficiency of fertilizer applications, ii) a better understanding of P cycling in cropping systems, and iii)
a better understanding of the interactions between soil physics, chemistry and biology, coupled with
plant traits. Research and experimentation (Blackwell et al., 2019; Chowdhury and Zhang, 2021; Zou et
al., 2022; Pefiuelas and Sardans, 2022) have developed and evaluated several approaches to improve
PUE, specifically in cereal-based cropping systems:

e Improving P fertilizer recommendations

e Managing soil pH to optimize soil P availability

e Utilizing legacy P

e Developing plant traits for PUE

Increasing plant accessibility to P sources

Developing innovative P sources, management techniques and biotechnologies
Minimizing soil P losses by erosion and runoff

Developing P-efficient cropping systems through novel crop combinations
improving management of low PUE crops

Optimizing farm size and mechanization

Promoting precision ag and P budgeting

Increasing recycling from manure and waste

Partial productivity factor (PPF, ratio of grain yield to nutrient application rate) and partial

nutrient balance (PNB, nutrient removal to nutrient application ratio) have been proposed among the
nutrient efficiency indicators (Dobermann, 2007; Fixen et al., 2015). Figure 12 depicts the relationships
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between grain yield and P rate (PPF-P) for maize, rice, soybean and wheat for the main world grain
producing countries. Also, the continuous orange lines indicate the P rates needed to maintain neutral
P balances; this is PNB-P of 1 (removal equal to application). Values of P rate were drafted from IFA
(2022) and correspond to the year 2018, while grain yields were obtained from FAOSTAT considering
averages of 2017, 2018, and 2019.

12000 3500
® USA ® Brazil
3000 ® Argentina
40000 France Ca Canada = World
. ® France =
= Germany 2 e * Ukfaine
2 8000 Argentina © Bangladesh g —
2 & Ukraine Australia 2 ® China
° Y =, ia @ Thailand
< 6000 - > Russia .
[ B World .
': . ® Brazil i o Russia China 5 1500 ® Indofesia VietNam
8 - Indonesia /§ thailand ® VietNam % © India
= 1000 ® Pakistan
® India
2000 500
0
0 0 5 10 15 20 25 30 35 40 45
[} 10 20 30 40 50 60 P rate (kg/ha)
P rate (kg/ha)
12000 8000
France
7000 n*
10000 * Australia Germany
6000
_ ® USA E € China
z 8000 B 5000 laai India
» . ® China =1 raine
= =z \
S 6000 Russia o BrayffEENtina 3 4000 o USA World
g ® VietNam ,: Russia e ™ Argentina
8 = World § 3000 v o/Canada’ Pakistan
= i Bangladesh
= 4000 Bangladesh o 0 India 2000 - Brazil
Pakistan Australia
2000 1000
0
0 0 10 20 30 40 50 60
0 5 10 15 20 25 30 35 40 P rate (kg/ha)
P rate (kg/ha)

Figure 12. Relationships between grain yield and P rate (PPF-P) for maize, rice, soybean and wheat for the main
world grain producing countries. The continuous orange lines indicate the P rates needed to maintain neutral P
balances (PNB-P of 1, removal equal to application). Values of P rate were drafted from IFA (2022) and correspond
to the year 2018, while grain yields were drafted from FAOSTAT conserving averages of 2027, 2018, and 2019.

As expected, at the world level, P rates exceed P removal resulting in P buildup, which would add
to legacy P. These surpluses depend on the crop but are more generalized at Asia (China, India,
Pakistan, Vietnam, Bangladesh) and Brazil. In the other hand, PNB-P are negative for Europe (France,
Germany, and Ukraine) and Argentina. These differences among countries reveal differences in soil
fertility status and previous P fertilizer use, as well as P fertilizer use efficiencies for the different
cropping systems because of soil type and/or management.

For Africa, data is available for seven countries, and it shows PNB-P generally greater than 1
indicating removal > application for the four crops, with extremes of 5.2 and 8.2 for maize and rice at
Nigeria (Table 4). Morocco and Burkina Faso show low PNB-P between 0.1 and 0.5 for maize, with P
application largely exceeding P removal
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Table 4. P rates, grain yields, and PNB-P for maize, rice, soybean, and wheat at selected countries of Africa. Values
of P rate were drafted from IFA (2022) and correspond to the year 2018, while grain yields were drafted from
FAOSTAT conserving averages of 2027, 2018, and 2019.

P rate Grain yield

Country (kg P/ha) (kg grainjha) PNB-P
Maize
Burkina Faso 8 1652 0.5
Egypt 12 6752 14
Mali 5 2821 14
Morocco 17 792 0.1
Nigeria 1 1729 52
South Africa 20 5130 0.7
Tanzania 1 1722 3.4
Rice
Burkina Faso 3 2091 1.8
Egypt 7 8811 3.6
Mali 9 3417 1.1
Morocco 17 7698 14
Nigeria 1 2388 8.2
Soybeans
Egypt 16 2890 0.7
Nigeria 1 935 2.7
South Africa 7 1950 1.0
Wheat

Egypt 10 6551 2.3
Mali 8 3901 1.6
Morocco 8 2092 0.9
South Africa 17 3225 0.7

Some special considerations at different world regions from previous studies and reviews are:
e North America

Estimates the life-cycle PUE of the US food production and consumption system show that only
15% of the P extracted for the provision of food is eventually ingested by humans, with the rest being
lost to the environment along the supply-chain (Suh and Yee, 2011). Most losses occur at livestock
production and crop cultivation (66% of total P), followed by mining and fertilizer manufacturing (13%
of total P losses) and finally household and food processing Improving (6% of total P losses). Yields of
livestock and crop cultivation processes are key to improve life-cycle P use-efficiency. However, these
results highlight the need of an integrated effort along the life cycle for improving PUE.

e South America

Brazil is a top world agricultural producer which largely depends on P fertilizer imports. High P-
fixing soils limit PUE to low values (30%) and resulted in high application P rates which, along the
years, build considerable amount of “Legacy P” (Roy et al., 2016; Raniro et al., 2023). Thus, the
improvement of fertilizer P efficiency and the exploration of legacy P are keys in developing and
expanding the agricultural potential of the country (Pavinato et al., 2020).

On the other hand, Argentina has historically used low rates of P in field crops with negative
partial P balances which resulted in high PUE but at the expense of soil P degradation in many of the
main producing areas of the Pampas (Lun et al., 2018; Sainz Rozas et al., 2019; Garcia et al., 2024).
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e Africa

Fertilizer use efficiency is generally low at SSA resulting in low yields and poor economic returns
(Vanlauwe et al., 2023). Low nutrient use efficiency is related to many soil factors such as pH, organic
matter, texture, and water availability; but management factors seem to be the most significant ones:
variety, weed management, crop rotation, and organic inputs, among others.

e Europe

For Europe, Schroder et al. (2011) have estimated P surpluses of 0 to 20 kg P/ha, depending on the
country. These authors proposed to reduce the amounts of P applied in agriculture through the
improvement of fertilization management, and modifying livestock densities and diets. They proposed
compensating P extraction from agricultural land using P recovered from waste.

e Asia

Ma et al. (2011) reported that by 2004, 80% of the total P inputs to wheat, maize and rice at China
came from fertilizers. Harvests accounted for approximately 42%, 69% and 52% of total P inputs,
resulting in fertilizer P losses of 29.4, 13.6, and 21.3 kg P/ha. The low fertilizer PUE resulted in high P
accumulation in soil and losses to the environment.

e (ceania

Cordell et al. (2013) indicated that despite being a net food exporter, Australia is a net P importer
as soils are naturally P deficient. These authors also pointed to substantial losses and inefficiencies at
all process in the P chain.

Weaver and Wong (2011) analyzed the P balance of farming systems across southern Australia.
The median output/input ratio was of 0.48, with positive P balance of 6.1 kg P ha-! yr (P application>P
removal). Half of the samples evaluated showed more important constraints such as soil acidity, and
potassium and sulfur deficiency, which might be attended to improve PUE.

A GRDC-IPNI project (Norton, 2016), estimated nutrient performance indicators for 514 fields of
farms at southeastern Australia. The output/input ratio (or partial nutrient balance) for P averaged 0.69
with 80% of fields under positive P balance (P application>P removal) and varying from 0.70 to 0.97 in
four different agroecological zones.

4. Fertilizer Best Management Practices for P

4.1. What Are BMPs?

There are many definitions for best management practices (BMPs):

o “The goal of fertilizer best management practices is to match nutrient supply with crop
requirements to optimize yield while minimizing nutrient losses to the environment” (IFA)

e “BMPs can be described as research proven and farm-tested practices that optimize production
potential, input efficiency, and environmental protection” (Roberts and Johnston, 2015).

e “Practices that will ensure the production of safe and high-quality products, animals and plants,
while preserving the environment and contributing to the social well-being of society” (Science
Direct)

e “Site-specific, economically feasible practices that farmers use to maintain agricultural production
while considering environmental and public health impacts. BMPs are industry-driven and are
intended to provide guidance for farmers, not to be requlatory” ( Google Al)

e “An industry driven effort to maintain agricultural production in a profitable, environmentally
sensitive and sustainable manner. BMPs are not meant to be regulatory as every farm operation
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and site is different and may require special practices. But BMPs are meant to provide guidance
as to practices that farmers can strive towards implementing on their farms” (University of
Massachussets)

e “Methods and practices designed to reduce or prevent soil and water pollution without affecting
farm productivity” (Drizo et al., 2022).

e “Farming methods that are designed to minimize adverse environmental effects while maintaining
agricultural production. Nutrient BMPs, referred to as the 4Rs—Right rate, Right timing, Right
source, and Right placement—should be used on all cropping systems and is the first line of
defense. Additional BMPs should be used to control nutrients as they move from application area
to the water resource. Put together, these BMPs form a system to avoid, control, and trap
nutrients” (North Carolina State University)

For this paper, P BMPs are defined as scientifically evidence-based practices and/or combination
of practices which optimize P use efficiency and effectiveness in a profitable, environmentally sound
and sustainable way in any given cereal-based cropping system.

4.2. Approaches for BMPs in Field Crop Systems

BMPs have been approached by different agendas like the 4R (four Rights), Integrated Plant
Nutrient Management (IPNM), Site-Specific Nutrient Management (SSNM), and, in general terms,
innovative fertilization/fertilizer technologies.

The 4R framework describes proper nutrient management as the optimum combination of the
right source at the right rate, right time, and right placement for each field (IPNI, 2012). The 4Rs are
based on scientific principles: nutrient management driven by scientific evidence. Source involves the
identification of the specific deficient nutrient, and it is the initial step. Rate would depend on the soil
supply capacity and crop requirement according to yield goal. Time and placement are quite dependent
on nutrient dynamics in the soil-plant system and the nutrient source characteristics. 4R for P
stewardship will be further discussed in the following sections.

IPNM has been defined as “an approach through which the management of plant nutrition and
soil fertility in cropping and farming systems is adapted to site characteristic and to locally available
resources” (Dudal and Roy, 1995). This approach promotes the combination of mineral fertilizers with
locally available organic sources. IPNM offers alternative sources to supply plants with enough
nutrients, providing for improved soil and environmental health under appropriate soil nutrient
balance, through mineral, organic, and biofertilizers (Selim, 2020; Amanullah et al., 2024).

IPNM under different cropping systems have been thoroughly discussed in the literature.
Paramesh et al. (2023) reviewed global data comparing conventional management and IPNM reporting
a 1.3% reduction in methane emission and increases in crop yields of 1.3% to 66.5% across major
cropping systems. Overall, IPNM improved soil health and crop productivity by increasing soil
aggregation, water-holding capacity, porosity and microbiota.

In Pakistan, Jamal et al. (2023) found that the combination of manure at a rate of 10 t ha! plus 26
kg P ha' of fertilizer P was the optimum combination to increase wheat yield, and improve soil organic
matter and residual soil P. In Egypt, Abdo Al et al. (2022) evaluate the use of growth stimulants in
combination with mineral fertilizers and found that the mineral NPK rate can be reduced by 25% with
biofertilizers achieving similar yields than with the recommended NPK rate under arid and semi-arid
conditions.

In SSA, integrated soil fertility management (ISFM), an alternative name for IPNM, seems to be
the way forward to a sustainable agriculture by combining mineral and organic nutrient sources
(Vanlauwe et al., 2023). Fertilizer use increases yields, but its agronomic efficiency is frequently low.
Organic sources increase soil organic carbon and agronomic efficiency but not yield as it happens with
mineral fertilization. Fertilizer use would constitute the entry point for a change and intensification of
smallholder agriculture in SSA. An ISFM approach, including fertilizer and other locally adapted soil
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and fertility management practices, would reverse soil health decline as knowledge is currently
available to develop site-specific recommendations in the region. Njoroge et al. (2019) showed a strong
effect of past animal manure application on maize yield response to fertilizer application at 23 farms
over seven consecutive cropping seasons in the Sidindi area of Western Kenya.

SSNM was originally developed for generating field-specific fertilizer recommendations for rice
in Asia in the early 90s (Dobermann et al., 1998; Dobermann and Fairhurst, 2000) and successfully
expanded into other regions such as SSA (Chivenge et al., 2022) and India (Khurana et al., 2008).

It is based on the estimation of fertilizer requirements for a specific field and crop from the
omission  plot  technique  (http://www.knowledgebank.irri.org/training/fact-sheets/nutrient-
management/nutrient-omission-plots). Briefly, the process involves 1) estimation of demand according
to attainable yield, 2) estimation of indigenous nutrient supply (INS, soil availability plus nutrients in
crops residues plus biological N fixation), 3) estimation of fertilizer recovery, 4) calculate nutrient rates
from the difference between the amount of nutrients required by the crop and the INS, and 5) decide
number and timing of applications (Dobermann and Fairhurst, 2000; Dobermann and Witt, 2004;
Buresh and Witt, 2007).

Chivenge et al. (2022) indicated that the SSNM approach increases yield, profitability, and nutrient
use efficiency in SSA. Yield gains of rice and maize with SSNM averaged 24% and 69% when compared
to the farmer practice, respectively, or 11% and 4% when compared to local general fertilizer
recommendations. These authors foresee the need for more extensive field evaluation to quantify the
broader benefits of the SSNM approach in diverse farming systems and environments, especially for
rice.

Nutrient Expert® (NE) is a nutrient decision support software that was developed from the
success of SSNM in field crops of southeastern Asia (Pampolino et al., 2012) and rapidly expanded in
China, India, and SSA (Dutta et al, 2014; Xu et al., 2015; Zhang et al., 2018; Chivenge et al., 2022). NE
provides crop advisers with a simpler and faster way to develop fertilizer recommendations. It
considers main factors affecting nutrient management recommendations and uses a systematic method
of compiling information for developing a local recommendation. The parameters needed in SSNM can
be estimated through proxy information when using NE, allowing crop advisors to develop local
fertilizer guidelines without data from field trials. Evaluation of NE have shown success in optimizing
nutrient rates and management as well as reducing greenhouse gas emissions in studies at the Indo-
Gangetic Plains of India (Sapkota et al., 2021) and Nigeria (Maertens et al, 2023).

4.3. BMPs for Fertilizer P

Many authors have presented and discussed BMPs for P in agricultural production, either looking
at productivity and/or environmental impacts. According to Roberts and Johnston (2015), “Improvement
of fertilizer P use efficiency and effectiveness is best achieved through the implementation of best management
practices (BMPs) within the context of 4R Nutrient Stewardship”.

Sustainable P management in agriculture include several practices related to fertilizer
management (fertilizer type, placement, time, and rate), to soil management (soil testing, erosion
reduction, improved soil characteristics); to crop management (crop and variety/hybrid selection, use
of microbial inoculants), and many others (IPNI, 2012; Cordell and White, 2013; Grant and Flaten, 2019;
Singh et al., 2020; Drizo et al., 2022).

Schoumans et al. (2015) proposed a framework of 5R stewardship to help improve P use efficiency
in Europe: Re-align P inputs, Reduce P losses, Recycle P in bioresources, Recover P in wastes, and
Redefine P in food systems. All 5Rs relate to BMPs at the field level for cereal-based cropping systems.

Bruulsema (2017) reported a science-based compilation of 4Rs practices for P management in
North America. A series of practices for each R (source, rate, time, placement), classified as basic,
intermediate and advanced, were proposed for five regions/cropping systems across US and Canada.
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The EU Commission (2018) emphasizes Best Environmental Management Practices regarding
nutrient management:
o  Field nutrient budgeting.
o  Crop rotation for efficient nutrient cycling (legumes).
o  Synchronize nutrient supply with plant demand.
o  Precise application of nutrients.
o  Select lower impact fertilizers.

Stamm et al. (2022) highlight the importance of BMP to undertake “the P issue” at Europe. These
authors presented the outcomes of the 2019 P International Workshop which included the efficient use
of P in agroecosystems with other critical issues related to sustainable P management. Important
advances on the awareness of P as finite mineable resource, technologies to recycle P, and legislation
towards a circular P economy were recognized. However, critical deficits were identified: handling of
legacy P, climate change effects on ecosystem P cycling, or up-scaling recycling models to working
business models. There is a need for more transdisciplinary networks, involving all stakeholders, to
reduce the science-practice/policy gap.

Fertilizer P BMPs are not restricted to the fertilizer management itself but also included aspects of
crop management, crop rotation and intensity of production, soil acidity management, interactions
between P and other nutrients, soil conservation tillage system, risk of off-site P loss, and economic and
logistical constraints (farm size and tenure) (Djodjic et al., 2005; Sharpley et al., 2006; Bruulsema et al.,
2019; Grant and Flaten, 2019; Tiecher et al., 2023). The 4Rs of P management should be framed at policy,
regional, and farm levels including all stakeholders involved in the full agricultural value process.

Bruulsema et al. (2019) highlight the significance of 4R nutrient management addressing three
examples of how 4R P management might apply globally by 1) improving multiple ecosystem services,
2) evaluating and managing legacy P, and 3) the engagement of a wide number of scientists and
practitioners as well as multiple disciplines. Main conclusions focused on linking 4Rs of P management
to indicators and metrics, sharing open and transparent data on soil tests as a central practice for P
management in reusing P surpluses (legacy P at US, Europe, Brazil), and considering not just the farm
level but the whole agricultural food chain.

Singh et al. (2020) recently reviewed fertilizer P BMPs looking at P losses in agroecosystems in the
midwestern US. Cover crops, reduced tillage, saturated buffers, and constructed wetlands have been
the most evaluated practices areas. Additional research is necessary on developing/updating of P
fertilizer recommendations, long-term impacts of P stratification, models to identify critical areas for
site-specific recommendations, soil pH modifiers and enhanced-efficiency fertilizers effectiveness, and
watershed-scale studies to monitor long-term P fluxes.

Drizo et al. (2022) listed BMPs Nutrient Reduction, Recycling and Recovery from Agricultural
Runoff for in the northern EU. While they listed 24 BMPs, they found inconsistency of data and a
knowledge gap on the effectiveness of BMPs in nutrient reduction, their potential for recycling and
recovery, and their operation and maintenance requirements and costs.

Work by Tiecher et al. (2023) in a subtropical oxisol at southern Brazil, showed that correcting soil
acidity is a crucial step to ensure optimum P use. The effect was further enhanced by combining liming
with no-tillage.

4.4. Four Rs for Phosphorus: Right Source, Right Rate, Right Place, Right Time

BMPs for P fertilization would be addressed following the 4R framework, applying the right
source at the right rate, at the right place and at the right time (IPNI, 2012). Table 5 compiles scientific
principles that support each one of the 4R.
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Table 5. Scientific principles that sustain the 4Rs and some examples of BMPs associated with them (adapted from

IPNI, 2012).

Scientific principles

BMPs

Right source

Consider rate, time, and place of
application

Ensure balanced supply of nutrients
Supply nutrients in plant-available form
Suit soil physical and chemical properties
Recognize synergisms among nutrient
elements and sources

Recognize blend compatibility

Recognize benefits and sensitivities to
associated elements

Election of commercial fertilizer
Use of enhance-efficient fertilizers
Use of livestock manure

Use of compost

Use of wastes

Right rate

Consider source, time, and place of
application

Assess nutrient supply from all sources
Assess plant nutrient demand

Assess soil nutrient supply

Assess all available nutrient sources
Predict fertilizer use efficiency
Consider soil resource impacts
Consider economics

Soil testing

Estimate target yield
Evaluate economics
Balance crop removal

Right time

Consider source, rate, and place of
application

Assess the dynamics of crop uptake and
soil supply

Recognize dynamics of soil nutrient loss
Evaluate logistics of field operations
Determine timing of loss risk

Select pre-plant, planting, in-season

Right place

Consider source, rate, and time of
application

Recognize crop rooting patterns
Consider soil chemical reactions
Suit the goals of the tillage system
Manage spatial variability

Select broadcast, banded/drilled/injected
Variable-rate application

Use conservation tillage practices to
reduce erosion and runoff

4.4.1. Right Source

Rock phosphate (RP) is the primary raw material used in the manufacturing of P fertilizers such
as triple superphosphate (TSP), single superphosphate (SSP), diammonium phosphate (DAP), and
monoammonium phosphate (MAP) (Argus-IFA, 2023). RP is mined at sedimentary deposits which
represent approximately 80% of P world production (Morocco, China, United States, and Russia).

Igneous P rocks are also used in P fertilizer production at Russia, South Africa, Brazil, Finland, and
Zimbawe (Stewart et al., 2005b; Whiters et al., 2018).

Rock Phosphates

Rock phosphates might be used directly, especially in soils of pH lower than 6, and there is a large

set of data showing its efficiency in different cropping systems across the world (Chien et al, 2009). It

is usually of low effectiveness in alkaline or near-neutral soils.
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The agronomic effectiveness of rock phosphates depends on the reactivity of the rock, which varies
according to their origin; soil properties; crop and management practices; and climate (Zapata and Roy,
2004; Chien et al., 2009). Vilela de Resende et al. (2006) found similar performances comparing two
soluble P sources and two reactive rock phosphates under different application methods in an oxisol at
the Cerrado region of Brazil. The two rock phosphates presented the most favorable economic return.
In the other hand, for oxisols of southern Brazil, Amorim et al. (2024) reported that rock phosphate
would not be recommended for P-deficient soils, as its gradual dissolution would not be sufficient to
meet crop requirements. However, rock phosphate could be an alternative source to use in high-P
conditions for replacement of P exported by crops. These authors state the opportunity to maintain
high crop yields through residual P accumulation in these soils under no-tillage. Residual effects of
rock phosphates would be significant and would result in efficiencies similar to water-soluble P
fertilizers (Prochnow et al., 2002; Chien et al., 2009).

Mixes of rock phosphate with water-soluble P fertilizers or acidulation of rock phosphate with
water-soluble P is an option for rocks of low solubility. Non-conventional acidulated phosphate
fertilizers from P impurity compounds of acidulated fertilizers have been successful under low pH
conditions (Prochnow et al., 2008).

Conventional Commercial P Fertilizers

There is ample availability of conventional commercial P fertilizers, which allows to select
according to the price per unit of P, the efficiency of each source according to the environmental
condition of application, the local supply, and the logistics of storage and application (Table 6). Most
commercial phosphate fertilizers are manufactured from the reaction of phosphate rock with acids such
as sulfuric acid that solubilize the P in the rock. These processes allow the production of phosphoric
acid and soluble fertilizers such as TSP, SSP, DAP and MAP. The solubility in water of STP, SSP, DAP
and MAP fertilizers is 85-95%, 100% for APP and 0-10% for phosphate rock (Leikam et al., 1991),
although they might present small differences in the timing of soluble P release (Nash et al., 2003).
Recent studies have demonstrated that fertilizers with a minimum of 60% water-soluble P might be
effective in achieving 90% of the maximum crop yield (Prochnow et al., 2008; IPNI, 2012).

The production of ammonium polyphosphates (APP) requires the dehydration and
polymerization of phosphoric acid prior to ammonification. The term polyphosphate refers to two or
more combined orthophosphate ions. This polymerization, or chain, is complexed by the dehydration
of phosphoric acid. Liquid APPs present 70-75% of their P material as polyphosphates, and the
remainder as orthophosphate. Before plants can utilize polyphosphate, it must be converted to
orthophosphate via a hydrolysis reaction; this transformation occurs rapidly in soils, therefore poly-
and orthophosphates are sources of equivalent agronomic value (Leikam et al., 1991). The advantage
of APP is the ability to chelate, whereby high concentrations of micronutrients can be maintained in
solution. Polyphosphates are also available in solid form.

Generally, water soluble phosphate sources (MAP, DAP, TSP, SSP and APP) show minor
differences in PUE when applied at equivalent P rates and comparable application methods; the best
source is determined by factors such as soil type and pH, product availability, preference, sales service,
and of course, price per unit of P (Fixen, 1989; Hedley and Mclaughlin, 2005; Gomez de Souza et al.,
2010; Grant and Flaten, 2019; Zhou et al., 2022; Nakayama et al., 2024). In several situations, differences
among these P sources would be attributed to other accompanying nutrients such as N, S or Ca (Meyer
et al., 2023).
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Table 6. Concentration of P of commercial fertilizers and alternative P sources.

Source P concentration (%) Water P Concentration of Form
° solubility other nutrients (%)
10-18
Rock phosphate Highly variable 0-10% Variable Solid
depending upon origin
Triple superphosphate .
20-21 85-95% 13-15 Ca Solid
(TSP)
Single superphosphate 11-12S .
- -95% 1
(SSP) 8-9 85-95% 1821 Ca Solid
Monoammonium
20-2 -95% 10-12 i
phosphate (MAP) 0-23 90-95% 0 Solid
Diammonium o .
phosphate (DAP) 20 90-95% 18 Solid
Ammonium
15-1 100% 10-11 luti
polyphosphate (APP) 5-16 00% 0-11N Solution
. o 10-28 N .
Nitrophosphate 6-8 Up to 95% 0-14 K Solid
Manure 1-5 Variable Many, varia ble Solid
concentrations
iabl
Pig slurry 0.1 Variable Many, varia ble Slurry
concentrations
o . Many, variable .
Broiler litter 0.8-2 Variable . Solid
concentrations
. . Many, variable ..
Dairy effluents 0.8 Variable . Liquid
concentrations
Struvite 8-12 Low, variable 10 Mg, 6 N Solid

Under adequate to high soil P tests, Nakayama et al. (2024) did not find differences in grain P
removal and soybean yields irrespectively of source, either MAP, DAP or TSP in Illinois (USA). They
indicate that substituting commonly applied MAP and DAP with TSP would contribute to reducing
off-farm nitrate-N losses by eliminating the co-application of N.

Some differences may occur between DAP and MAP due to the potential for damage due to the
NHs released when fertilizers are placed very close to the seed at the time of sowing (See application
method). DAP may present a greater potential for damage than MAP in calcareous or alkaline soils
(Leikam et al., 1991). Another difference between these sources is the initial pH in the reaction with the
soil, with DAP pH is close to 8, while with MAP it is 3.5 (Lindsay et al., 1962), but this situation would
vary upon soil type (Meyer et al., 2023).

Fluid P fertilizers allow for more diffusion from the application band than granular P fertilizers.
This would be an advantage in calcareous soils by keeping P concentrations low and thus reducing Ca-
P precipitation (Holloway et al., 2001; Lombi et al., 2004, 2005), but a disadvantage in acidic soils as
soluble P would be largely adsorbed and precipitate as Al-P and Fe-P (Montalvo et al., 2014).

Pierzynski and Hettiarachchi (2018) evaluated the mobility of granular and fluid P fertilizers for
three acid soils (Oxisol, Ultisol, and Andisol) and found that mobility was restricted to 13.75 mm in all
three soils for granular fertilizers but expanded towards 25 mm for fluid fertilizers. Lability depended
on soil type, there were no differences among granular and fluid fertilizers for the Oxisol, while the
fluid fertilizer increase lability in the Andisol but decreased in the Ultisol. Thus, the effects of fertilizer
types and formulations were highly variable in these acid soils.
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Dry Bulk Blends

Compatibility of physical mixtures, or dry bulk blends, is limited between urea and
superphosphates or between DAP and superphosphates (incompatible with high free moisture
content). When the moisture content of urea and superphosphates is low and/or the mixture is bagged,
the reaction occurs more slowly and does not represent a serious problem. A practical recommendation
is to ensure that the mixtures are applied as soon as possible after receiving them in the field, avoiding
the product becoming wet, altering its properties and agronomic performance.

Organic Wastes

Organic wastes, products of recycling of ag operations, industry or even urban waste processing,
are alternative sources of P for soils and crops. Advanced P recovery might support P circularity and
reduce depletion of rock phosphate by supplying P fertilizers in areas of high P dissipation such as
Europe (Tonini et al., 2019).

Manure could be a significant source of P. P concentration vary across manure types according to
animal type, diet, and water consumption; and manure storage, management, and formulation
(Withers et al., 2015; Rayne and Aula, 2020). For different animal types and formulations, Rayne and
Aula (2020) indicate a range of total P concentration of 0.035% to 1.5%. Manure application impact on
soil P availability varies with soil conditions (pH, organic matter, and texture), animal type and manure
management. In several cases, long-term manure application results in build-up of soil P (Sharpley et
al., 2004), and concomitant environmental problems, as application is recommended on an N-need
basis considering that manure N:P ratios are narrow. Chowdhury and Zhang (2021) observed a high
potential for improving PUE in the agricultural production system of China, Bangladesh and India, by
reducing the use of mineral P fertilizers and enhancing the use of livestock manure through systematic
recovery and recycling. However, to prevent the accumulation of harmful substances in soils and
crops, organic waste should be analyzed for potential contaminants before application.

Biosolids from wastewater treatment are a valuable alternative source for P in agriculture (Torri
et al,, 2017). Many technologies have been identified to remove and recover P from wastewater:
chemical precipitation, biological P removal, crystallization, advanced chemical precipitation and
nutrient removal, ion exchange, and other wastewater and sludge-based methods (Morse et al., 1998).
Products of these treatments are P-metal salts, sludge with biologically bound P, Ca phosphates,
chemical sludges, phosphate slurry, struvite, and others.

Struvite (MgNH4POs ® 6H20) is a recycled P fertilizer of low water solubility which can be formed
from manure and wastewater precipitates. Research has shown its potential use as P source for crops
(Achat et al., 2014; Talboys et al., 2016; Hertzberger et al.; 2020). Wang et al. (2023) reported that
substituting conventional P fertilizer with struvite in rice—-wheat rotation system in the lower region of
Yangtze River in China could increase the rice and wheat yield and N and P use efficiency and thus
reduce the overall impact of conventional nutrient management. Chatterjee et al. (2024) also found that
struvite would be an efficient P source for adequate to high P soils at the Corn Belt of US. Hertzberger
et al. (2020) indicate that struvite efficacy increases at pH lower than 6 and that its solubility depends
on particle size. They recommend using struvite in blends with conventional fertilizers which would
reduce P losses and improve the synchronization of P supply and plant demand. Kokulan et al. (2024)
reported the potential of struvite and struvite/MAP blends for maize crops at Ontario (Canada),
reaching similar yields that the conventional MAP fertilization and reducing environmental P losses.

Annual P excreted through human waste is estimated at 3.4 Mt of P with about 50% in urine and
50% in feces (Mihelcic et al., 2011). P present in urine represents approximately 11% of the global P
demand (Martin et al., 2020). Bonvin et al. (2015) and Martin et al. (2020) showed high P recoveries, like
mineral fertilizers, for nitrified urine fertilizer and struvite derived from urine. However, further
research should be done under different treatments and conditions.
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Stutter (2015) evaluated seven alternative P sources: sewage sludge, anaerobic digestate, chicken
manure, food waste compost, seaweed, green compost and biochar. The variations in nutrient contents,
forms, and C:N and C:P stoichiometry among the seven materials have consequences for their
efficiency. His conclusion is that alternative ‘waste’ materials with different compositions as
replacement of P fertilizers need to be characterized not only for agronomic productivity but also for
control environmental P losses to waters.

Mineral Wastes

Phosphogypsum (PG) is a by-product of the phosphate fertilizer industry which results from the
production of phosphoric acid from rock phosphate. It is constituted of calcium sulfate and presents P,
magnesium, manganese, fluor, and several other elements in minor concentrations, including heavy
metals and radioactive elements (Korcak, 1998). It is produced in large quantities (300 Mt/year,
Outbakat et al., 2023). Only 15% of PG is recycled for use in road construction, building materials and
agriculture, its use in agriculture has been limited because of the presence of radioactive elements. It
might be used as an amendment to treat saline or sodic soils, as well as neutralize acidic subsoils and
as a fertilizer (Argus-IFA, 2023). Use of PG to improve subsurface soil acidity has been documented in
Brazil where PG shows low radioactive elements concentrations (Prochnow et al., 2016). Also in Russia,
technologies have allowed the application of PG to improve crop productivity in cropping systems
with sodium-affected or compacted soils; plus, its value as multi-nutrient fertilizer, component of
organo-mineral fertilizers, and for remediation of oil-contaminated soils (Kalinitchenko and Nosov,
2019).

Biofertilizers

Microorganisms in the rhizosphere, including bacteria and fungi, contribute to plant growth
promotion through enhanced availability of nutrients and phytohormone production (direct
mechanisms) and/or suppression of diseases by biocontrol agents, amelioration of abiotic stresses and
bioremediation of pollutants and contaminants (indirect mechanisms) (Miransari, 2011; Kumar et al.,
2022). Beneficial microorganisms associated with plant roots would supply P through solubilization
and/or mobilization of soil P. Shah et al. (2021) cited research that indicate reductions of 25% to 50% of
P fertilizer use when using P solubilizing bacteria (PSB) alone or combined with other plant growth
promoting rhizobacteria (PGPR) or arbuscular mycorrhizal fungi (AMF). The authors indicate PGPR
solubilize insoluble soil P by producing organic acids (gluconic and keto gluconic acids) which chelate
cations bound to phosphate.

The capacity of solubilizing P has been identified at several bacteria and fungi genera:
Pseudomonas, Bacillus, Agrobacterium, Rhizobium, Enterobacter, Penicillum, and Aspergillus, among others
(Macik et al., 2020; Mardamootoo et al., 2021; Vera-Morales et al., 2023). Solubilization mechanisms
involve the secretion of low molecular weight organic acids and mineral dissolving compounds, and
the release of extracellular enzymes and phosphate during mineralization. These mechanisms allow for
lower rhizosphere pH, the chelation of cations such as Al, Fe, and Ca, the formation of soluble
complexes with these cations, the solubilization of organic P compounds, and the synthesis of
phosphatase enzymes (Macik et al., 2020). Phosphorus mobilizing biofertilizers includes mycorrhizal
fungi which increase P uptake by a symbiotic association with plants (Miransari, 2011). Covacevich et
al. (2007) found that indigenous arbuscular mycorrhizal colonization of wheat roots was modulated by
soil available P but not by plant P status. They found that the intensity of arbuscular mycorrhizal
colonization reduced as soil Bray-P increased from 6 to 27 mg P kg and that 15.5 mg P kg level was
the highest soil P value that ensures high wheat yield with an indigenous mycorrhizal formation that
efficiently improves wheat growth and soil stability.
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Biofertilizers might be applied through seed inoculation, soil application, and foliar treatment,
either as solid or liquid formulations. Limitations on the use of biofertilizers include restraints at the
manufacturing step (contamination, effective strain, carrier material, storage), the success of the
inoculation (soil condition, competition to inoculated strain, plant and inoculant abiotic stress), and
even the lack of regulations and safety standards (Kumar et al., 2022).

Innovative Fertilizer P Technologies

Current knowledge indicates that the combination of manure and biofertilizers with mineral
conventional nutrient sources would be an alternative in improving nutrient use efficiency, however
these possibilities still face the needs of determining the right rates and combinations (Miransari,

2011; Lu et al., 2021; Dinca et al., 2022).

Guelfi et al. (2022) provides a detailed discussion on innovative fertilizer P technologies that would
improve PUE. These innovative P sources should be thoroughly tested under laboratory, greenhouse,
and field conditions for a scientifically based recommendation looking for increased profitability and
reduced environmental impact. Alternative P fertilizer sources include:

J Fixation-inhibitor fertilizers: fertilizers with additives to reduce reactions of precipitation and
adsorption of P. They could be classified as pH-modifiers, cation-sequestering agents or blockers

J Synergistic phosphate fertilizers: conventional P fertilizers with the addition of other nutrients,
microorganisms, nanoparticles, or biostimulants.

J Chemically modified fertilizers: conventional P sources with changed solubility and/or chemical
form at the production process by physical, chemical, or physical-chemical reactions that modify the
interaction of P with other chemical compounds

o Controlled-release fertilizers: conventional fertilizers with coating which serve as a physical
barrier and control the flow by diffusion
J Blends and multifunctional fertilizers: physical blend of conventional phosphate fertilizer

granules and those that have some type of technology, as the indicated above.

Chien et al. (2009) discussed alternative coatings, additives and forms that might improve PUE for
the conventional water-soluble sources: 1) coatings with polymers to slow down the release pf P from
the fertilizer granule, 2) additives to chelate Ca, Al, and Fe to reduce formation of insoluble phosphates,
and 3) use of liquid MAP and DAP in calcareous soils.

Chien et al. (2014) reviewed the research and information on the use of maleic-itaconic acid as
additive by coating water-soluble P fertilizers which would reduce the conversion of soluble P forms
to insoluble ones. Their review indicates that “the amount of the copolymer applied with DAP based on the
commercial-use recommendation is small to have any significant effect on reducing the level of soil P-retention
capacity even in a soil with low P-retention capacity treated with high P rate, either in soils dominated by Al/Fe
oxides or by Ca under alkaline conditions”. Similar conclusions were obtained by Degryse et al. (2013).
However, Hopkins et al. (2018) reviewed a set of 503 field experiments finding an overall response of
2.1% yield-increase, and of 5.8% in responsive sites (n=116), stressing the importance to test enhanced-
efficiency fertilizers under responsive environments. Also, Dunn and Stevens (2008) noted a 5%
increase in rice yield by polymer coating TSP in responsive P sites at Mississippi (USA). Pierzynski and
Hettiarachchi (2018) found that the addition of an additive, such as the maleic-itaconic acid copolymer,
did not influenced mobility in three acid soils (Oxisol, Ultisol, and Andisol). The additive did not
affected lability in the Oxisol or Andisol but increased in the Ultisol.

Weeks and Hettiarachchi (2019) discussed research related to innovative commercial P fertilizers.
These authors proposed a classification of P sources according to the mechanism of action (Figure 13).
Alternative sources are those P species different from orthophosphate. The slow releasers limit the
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association of P with soil components by reducing the physical contact with soil colloids and/or
delaying the release of P into the soil solution. Blockers are sources that disrupt P precipitation or form
inner-sphere complexes. Inducers include compounds that do not contain P but stimulate plant-
microbe P acquisition.

Coatings X X
Polyphosphates |« Polymers Maleic-itaconic polymer Oxide" nanoparticles
* Advanced modifications
* pH modifiers
Phosphorus
acid/Phosphite Scaffolds Humic substances
* Nanoparticles

|___ » Graphene oxides
* Layered double
hydroxides

Organic matrices
— * Superabsorbents
* Metal-organic frameworks

Minerals of limited
solubility

* Rock phosphate

* Wastewater recovery
products
* Nano-hydroxyapatite

Figure 13. Mechanisms of action of enhanced P fertilizer acquisition efficiency according to Weeks and
Hettiarachchi (2019).

Among the alternative P sources, phosphite might be absorbed by plants but it does not replace
orthophosphate in metabolic functions and failed to meet P needs under P deficient conditions. It has
been reported as an effective fungicide. Opportunities for phosphite use as P source arise from
biotechnology, by introducing genes that allow plants to oxidize phosphite into phosphate. Benefits of
phosphite use would extend from recycling of waste of the chemical and automotive industry to its use
as fungicide and weed suppressor (Lopez-Arredondo and Herrera-Estrella, 2012).

Coating of granular P fertilizers is a traditional method which seek to slow the dissolution of the
granule in its first stages and extend the release of P along the crop growing season. Coatings include
polymers, special modifications and pH modifiers such as elemental sulfur, ammonium slats, or silicate
compounds (Mc Laughlin et al., 2011).

Among the scaffolds, nanofertilizers have been cited as efficient P sources (Seleiman et al., 2021;
Avsar, 2022). Nanofertilizers present a large surface area and slow nutrient release which might reduce
P losses and improve grain yields and PUE (Liu and Lal, 2014; Seleiman et al., 2021).

Blockers would impair fixation by polyvalent cations such as Ca, Fe or Al, and then improve P
lability. However, current evidence of their effectiveness is mixed with both positive and negative
results (Mc Laughlin et al., 2011; Chien et al., 2014; Hopkins et al., 2018).

Among possible inducers, zeolites are natural crystalline aluminosilicates which might improve
use efficiency of P and other nutrients. Zeolites might improve soil chemical and physical properties,
such as saturated hydraulic conductivity, infiltration rate, cation exchange capacity, and water-holding
capacity (Cataldo et al., 2021).
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Bindraban et al. (2020) discussed several options to improve PUE through innovative fertilizer
products and technologies: use of organic products and soil microorganisms, acidulation of P rocks
by combining with water soluble P fertilizers, nanotechnologies, recycling P by using manure,
sewage sludge, food waste and others, optimizing nutrient combinations (i.e, N + P, P +
micronutrients), adjusting fertilization timing and placement, and evaluating foliar application
under P deficient conditions. These authors stated that the improvement of the nutritional value of
crops by reducing phytate and increasing Zn and Fe concentrations “would contribute to fighting
hunger and human deficiencies of essential micronutrients, reduce the total P supply and uptake by

plants, enhance P uptake efficiency, and reduce residual P and runoff loss from fertilization”.

Many of these alternatives have already been scientifically approved, while others are still in the

testing phase. However, advances to improve the efficiency of phosphorus use are in continuous

development.

4.4.2. Right Rate

Applying the right P rate is crucial not only for the current crop but also for subsequent crops, due
to P residuality, and for environmental protection, as excessive P application can lead to soil P buildup
and losses to surface waters (Djodjic et al., 2005).

The focus of P rate recommendations varied across regions, countries, and local cropping systems.
In many cropping systems the priority is to secure optimal P levels for crop yields, while in other cases
the attention is centered on mitigating P losses to surface waters. These situations are related to soil P
levels, countries in developing economies with low soil P status (Africa, Asia, Latin America) would
follow the first option, while developed economies under high soil P status (Europe, North America),
would focus on the second option (Drohan et a., 2019).

Approaches for deciding P rates are multiple, but they are typically based on soil testing, plant
analysis, and specific methodologies such as QUEFTS (Quantitative Evaluation of the Native Fertility
of Tropical Soils) model and others.

Soil Testing

Commonly, soil P tests are used to determine plant P availability (Beegle, 2005; Moody et al., 2013).
The development of soil analysis for fertility diagnosis purposes includes the following phases: soil
sampling, selection of extractant and analysis methodology, correlation, calibration, interpretation, and
recommendation (Brown et al., 1987; Fixen and Grove, 1990; Havlin et al., 2005). Once developed, the
implementation of fertility diagnosis programs based on soil analysis involves three steps, associated
with the six phases indicated for their development:

1. Soil sampling,
2. Analysis,
3.  Interpretation and recommendation.

These three steps must strictly follow the protocols defined during the development of the
program since there are numerous sources of variability and potential errors in each one of them.

Soil sampling is frequently the most critical step in the program because of high soil P variability
(Kitchen et al., 1990; Beegle, 2005). Several recommendations and sampling schemes have been
proposed to obtain a representative soil sample of a field (Mallarino and Wittry, 2004; Beegle, 2005),
but the main points are:
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. identify heterogenous areas within the field (cropping history, topography, others),

J collect an adequate number of sub-samples per sample (at least 10-20 cores),
. collect all sub-samples at the sampling depth recommended in the program,
. avoid sampling near fences or forests,

J homogenize the sample,

o properly preserve the samples until they reach the laboratory.

Soil analysis usually involves a rapid chemical and/or biochemical extraction (Sims, 2000; Havlin
et al., 2005). The amount of P extracted is only a proportion of the total amount of P in the soil, not equal
to the amount of nutrient absorbed by the crop but closely related to it (Moody et al., 2013). Therefore,
the soil analysis is only an “index of P availability” for the crop. The term “available” is often used, but
the fraction determined usually represents only a P fraction that is in rapid equilibrium with the soil
solution and can be absorbed by plants. The objectives of soil analysis for diagnostic purposes are: 1)
to provide an index of P availability in the soil, 2) to predict the probability of response to fertilization,
and 3) to provide the basis for the development of fertilization recommendations (Beegle, 2005; Havlin
et al., 2005). These tests use different extractants adapted to regional/local soil conditions (soil pH,
texture, mineralogy) (Table 7).

Table 7. Analysis methods used to determine extractable phosphorus (P) in soils.

Extractant Composition Comments Source
Bray 1 0,03 M NH4F + 0,025 M HCl For P in acidic and neutral soils Bray and Kurtz, 1945
Olsen 05M NaHCOs - pH 8,5 0.5? h extraction For alkaline SO.ll?, alsF) in neutral to Olsen et al,, 1954
in 1:20 soil:solution acidic soils
Mehlich-1 0,05 M HCI + 0,0125 M H250s Multinutrient for acidic soils Mehlich, 1953
0,2 M CH3COOH + 0,25 M NH4sNOs +  Multinutrient for a wide range of
Mehlich-3 0,015 N H4F + 0,013 M HNO:s + 0,001 M soils. Correlates with Bray 1, Mehlich, 1984
EDTA -pH 2,5 Mehlich-1 and Olsen
Multinutrient for alkali
AB-DTPA 1M NH:HCO:s +0,005 M DTPA - pH 7,5 it “Z’Zﬂsor AXAE  goltanpour and Schwab, 1977
Colwell P 0.5M NaHCOS - pH 85 16,h extraction Developed at Australia Colwell, 1963
in 1:100 soil:solution
Morgan and Morgan: 0,7 M NaC2H:02 + 0,54 M norl’:ﬁl:flzltsl:lelrl: ﬁr‘;tlesreaiildnizii)ils Morgan, 1941
Morgan CH3:COOH - pH 4,8 : gan

Not adapted to calcareous soils.

Adsorption of P by anion-exchange resin Useful for acid and alkaline soils,

Ion Exchange resin . : > and soils treated with lime and Raij et al., 1986
placed in a soil-water suspension
rock phosphate
0,01 M lactato de Ca + 0,02 M HCl
Egner ! actato deta + o, Multinutrient used in Europe Egner et al., 1960

0,10 M NHys lactate+ HOAc —pH 3,75

Research, through field experimentation at the regional/local level, calibrates crop yield vs. soil P
test to provide critical thresholds/ranges below which there is a high probability of profitable response
and above which the probability of profitable response is unlikely (Table 8). The relationship of soil P
tests and grain yield is affected by several environmental and crop and soil management conditions
(soil type, organic matter, texture, pH, minerology, water availability, crop variety/hybrid, planting
date), thus it has been suggested to use a critical range rather than a critical value (Conyers et al., 2013;
Johnston and Poulton, 2019). Also, critical values and ranges would vary even for a same P extractant
depending on soil sampling depth, sample management, laboratory processing, soil properties).
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Table 8. Soil test P critical thresholds/ranges for different extractants calibrated for field crop cropping systems in different regions of the world.

Critical threshold/range

Method Region Reference Comments
(mg kg?)
18-25 Other crops .
Iowa (US) 24-30 Alfalfa and wheat Mallarino et al., 2023 0-15 cm
Nebraska (US) 222 Balboa et al., 2024 0-20 c¢m, continuous irrigated corn
Bray-1 h i
ray Pampas (Argentina) 12-19 Sucunza et al., 2018 Wheat, maize, and soybean
0-20 cm
Uruguay 16-18 Rabuffetti, 2017 Wheat
SE Asia 7-20 Dobermann and Fairhurst, 2000 Rice
Australia 9.8-14 Speirs et al., 2013 Wheat, 0-10 cm
Eastern plains of Bolivia 6-14 Reussi Calvo et al., 2025 Miaze and soybean, 0-20 cm
Southern Chile 15-25 Hirzel, 2004 0-20 cm
China 10-28 Bai et al.., 2013 Four LTE, maize, wheat and rice, 0-20 cm
Olsen . 12.1-17.3 (Maize) ..
China 12.5-19.0 (wheat) Tang et al., 2009 Multisite LTE, 15 years, 0-20 cm
SE Asia 5 (non-calcareous s.oﬂs) Dobermann and Fairhurst (2000) Rice
25 (calcareous soils)
UK 16 Johnston and Poulton, 2019
1 0-10 cm
Paraguay 15 Cubilla et al., 2012 41-60% clay
Mehlich-1 21-40% clay
Parana (Brazil) 11.2 (wheat, barley, oats) Vieira et al., 2015 0-20 cm
8.2 (maize, soybean)
18-25 (Other crops) . . .
I 11 L,2 -1 , Col h
owa (US) 24-30 (Alfalfa and wheat) Mallarino et al., 2023 0-15 cm, Colorimetric method
28-40 (Other crops) .
Mehlich-3 Iowa (US) 33-44 (Alfalfa and wheat) Mallarino et al., 2023 0-15 cm, ICP method
Australia 23-35 Speirs et al., 2013 Wheat, 0-10 cm
-4 i
Ohio (US) 20-40 (Maize and soybean) Culman et al., 2020 0-20 cm

30-50 (wheat and alfalfa)
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Resin

Colwell

DGT-P

Morgan

Cerrados Region (Brazil)
Australia

Australia

Australia
Australia
Ireland

15
22-30

15-47

30-49
66
6.1-10

Sousa et al., 2002
Speirs et al., 2013

Bell et al., 2013

Speirs et al., 2013
Mason et al., 2010
Wall and McDonald, 2015

Wheat, 0-10 cm
Wheat, 0-10 cm, analysis of 1777 experiments,
variation according soil classification and pH
Wheat, 0-10 cm
Wheat, 0-10 cm
Arable crops
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It should be noted that these critical thresholds are independent of the expected crop yield (Bell
et al., 2013). For example, a wheat crop has the same threshold with an expected yield of 3 or of 5
t/ha. This is because of the dynamics of soil P (a nutrient of low mobility) and because higher-yielding
plants have a greater capacity to explore the soil profile. Because of the low mobility of P in the soil,
the roots might absorb soil P at 3 — 5 mm from the root surface. Thus, only a small proportion of soil
P can be absorbed, since the limiting factor is the mobility of the element and the rate of root
elongation. A larger plant has a greater root system which explores a larger volume of soil; therefore,
its P needs might be fulfilled with the same level of soil “available” P as a smaller plant. This
constitutes a fundamental difference with the philosophy of nitrogen fertilization (N is a mobile
nutrient), which depends on the expected yield.

Values of P extracted through the different methods are related under specific situations. As an
example, Mallarino (2003) found that the critical concentration ranges for Mehlich-3 and Bray soil P
tests were similar for acid to neutral soils at Iowa in the US Corn Belt. However, determinations of P
extracted by Mehlich-3 either by colorimetric method or inductive coupled plasma (ICP) differ in
interpretation.

Research has amply discussed the fit and bias of models that describe the grain yield-soil P test
relationship, and especially in estimating the critical values and ranges (Conyers et al., 2013; Pearce
et al, 2022). Models included linear- and quadratic-plateau, Mitscherlich exponential, the Cate-
Nelson approach, and the arcsine-log calibration curve (ALCC) (Dahnke and Olson, 1990; Mallarino
and Blackmer, 1992; Dyson and Conyers, 2013; Correndo et al., 2017; Bolster et al., 2023; Correndo et
al., 2023).

Culman et al. (2023) evaluated 457 maize, wheat and soybean trials at Ohio (US) and could not
identified robust critical soil test values because of lack of model fit and model bias. Thus, they
suggested to arbitrary classified soil test according to probabilities of crop response indicating a
critical soil test value of 20 mg kg below which there is a high probability of response. This is an
interesting alternative for the users, farmers or consultants, as probabilities explain the variability
observed at the field, there are always responses at high soil P tests and lack of response at low soil
P tests.

For China, Bai et al. (2013) reported critical Olsen-P values for crop yields from 11 mg kg to 21
mg kg, depending on crops and soil types. The authors also estimated a critical Olsen-P value of 40
mg kg™ to 90 mg kg, at which CaClz-P strongly increased, a critical value above which there is a
major risk of P leaching.

Speirs et al. (2013) evaluated the correlation of several soil P tests with fertilizer P response in
wheat in 164 soils of southeastern Australia. None of the alternative P tests proved statistically
superior prediction than the Colwell-P test, which is the benchmark soil P test used in Australia, just
the DGT-P test was superior to Colwell P in calcareous soils. Previous work by Mason et al. (2010)
showed that the Diffusive Gradients in Thin Films (DGT) test performed better than Colwell P and
Resin P test for 35 field trials in southeastern Australia. Analyzing a large number of wheat sites (1777
sites), Bell et al. (2013) concluded that critical Colwell P concentrations should be obtained for wheat
yields > 1 t/ha according to soil class of the Australian Classification System, soil pH, and region using
the Better Fertiliser Decisions for Crops (BFDC) National Database (Conyers et al, 2013;
https://www.dpi.nsw.gov.au/agriculture/soils/guides/soil-nutrients-and-fertilisers/bfdc)

The Fertilizer Recommendation Support Tool (FRST) project is a collaborative project, which
includes over 30 land-grant universities in the US, the USDA-ARS, the USDA-NRCS, and several not-
for-profit organizations (Lyons et al., 2020). The project develops a database of P correlation-
calibration results for use in research and fertilizer recommendation development which might be
accessed online (https://frst.scinet.usda.gov). The website contains a national survey describing the

status of soil testing, minimum requirements for correlation—calibration data inclusion, and database
population and looks for FRST to be a user-friendly online decision support tool. Within the project,
Lyons et al. (2023) reported a survey which indicates that i) most of the states recommend sampling
at 0-15 cmy; ii) sampling frequency recommendations are variable, and iii) some states differentiate
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sampling according to tillage system, precision technologies, and crop. P extractants also vary across
states: Olsen or a combination of Olsen and other methods at 91% of the western states, Mehlich-3 at
50% of both southern and northeastern states, and Bray-1 or a combination of Bray-1 and other
methods in 75% of the North Central states. Recommendation philosophies were Sufficiency (37%),
Build and Maintenance (19%), hybrid (20%), or others (20%).

Jordan-Meille et al. (2012) reviewed fertilizer P recommendations in 18 countries of Europe
finding divergences in soil test selection, contradictions in the interpretation and large differences in
recommendations. However, all countries used soil P tests and based recommendations in field trial
experimentation. Six countries/regions used ammonium lactate extractant, five used Olsen P test,
three Mehlich-3 test, and there were another seven other soils tests extractants. On recommendations,
the major difference among countries were attributed to the estimation of P removed by crops.
Higgins et al. (2022) conducted a study across 23 European countries to harmonize methodologies
for delivering fertilization guidelines. The study found substantial differences in the content, format
and delivery of current fertilization guidelines, in soil test methods and how crop nutrient
requirements are calculated, even in similar cropping systems and in the same environmental zone.
Although full harmonization would not be possible, the authors emphasized that harmonization of
fertilization guidelines should be increased by sharing principles of soil testing, analytical methods
and technological advances such as those associated with precision agriculture.

Soil tests might be complemented with other determinations under some conditions according
to local/regional research. The evaluation of soil P buffering capacity, the capacity of release of P from
adsorption sites, has been proposed by several authors (Burkitt et al., 2002: Quintero et al., 2003;
Sadzawka and Molina, 2005; Moody et al., 2013; Johnston et al., 2014; Shuali et al., 2018). Another
option has been the evaluation of extractable P in the subsurface soil layer (Pothuluri et al., 1986).
There have also been developments such as simultaneous determination by weak and strong
extractants (Shuai et al., 2018). The contribution of labile organic P fractions to P supply has also been
revealed (Thien and Myers, 1992; Dodd and Sahrpley, 2015; Appelhans et al., 2016, 2021a).

P rate recommendations are frequently done considering soil P test categories. These categories
are defined from the crop yield vs. soil P test calibration. The values for these categories vary
depending not only upon the soil extractant but also according to crops, soil type, and local/regional
criteria (Zhang et al., 2021). Table 9 shows the common ranges for categories of different soil
extractants and regions.

Table 9. Categories of soil P test according to extractant.

Categories
Method Very low Low Medium High Very high
-------------------- mg/Kg -----------mmmmemeo
Bray-1'1 <6 6-14 14-20 20-30 >30
Olsen 2 <6 7-10 11-15 16-20 >21
Mehlich-1 3 <5 4-8 8-12 12-24 >4
Mehlich-3 2 <8 9-15 16-20 21-30 >31
Mehlich-3* <11 11-27 28-54 54-107 >107
Resin> <6 7-15 16-40 41-80 >80

! Garcia et al., 2014; 2 Mallarino et al., 2023; 3 Cubilla et al., 2012, 41-60% clay; * Zhang et al., 2021; > Raij et al., 1996.

Fertilizer P rates might be defined according to two general criteria: sufficiency and build-up
and maintenance. The sufficiency criterion results in fertilization recommendations only below the
critical level of extractable P seeking to maximize the return on investment of fertilizer in the year of
application minimizing nutrient applications and fertilizer costs (Table 10). On the other hand, the
buildup and maintenance criterion recommend applications of phosphate fertilizers with the
objective of raising the soil P level above the critical level and maintaining it, to avoid yield losses
due to limitations in P supply, maximizing the effectiveness of the system and the efficiency of P use
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in the medium and long term. The decision for one or another criterion, based on agronomic
knowledge, is a business decision and depends on factors such as land tenure (owner, tenant),
availability of capital, etc. (Leikam et al., 2003). Probably, in many situations, the most appropriate
criterion involves an intermediate situation between both philosophies (Olson et al., 2015). Finally, it
should be noted that the use of these criteria is site-specific, because they vary with the level of
extractable P in the soil and the capital investment to be made.

Table 10. Comparing the sufficiency and buildup criteria for P fertilization.

Sufficiency Buildup and maintenance

Based on “crop response” to P Based on “soil response” to P
For each value below the critical level, different . .
. . L Soil P test should be above the critical level/range
rates determine the optimum economic yield.

If the P level is low, fertilization is not only used
to achieve maximum yield, but also to ensure that

the initial level is raised.

The effects of fertilization on nutrient levels in the
soil are not considered.

Requires good knowledge of the initial level and The optimum P level would be reached in 4 to 6
precision in the soil analysis, and of the optimal years, and it should be maintained, generally

rates for each crop based on the removal of nutrients by crops.
Great impact of calibration errors in soil analysis, Less impact of calibration errors in soil analysis,
recommendations and sampling recommendations and sampling

Requires frequent sampling and localized Does not require frequent sampling, can be done
applications in many cases every 2 to 4 years

Good option for “fixing” soils, and in fields underReasonable in soils with little or no P fixation, and
short-term lease in own fields
It does not require high initial capital availability It requires high initial capital availability

Recommendations based on the buildup and maintenance have been proposed in many world
regions, buildup for deficient P soils and maintenance for medium to high P soils (Cubilla et al., 2012;
Wall and McDonald, 2015; Vieira et al., 2015; AHDB, 2023; Mallarino et al., 2023). As example, Table
11 shows fertilizer P rates recommended for soil P test categories for field crops at the Corn Belt of
US, Brazil, and Paraguay.

Table 11. Recommendations of P rates for different sol test P categories in Iowa (US), Brazil and Paraguay.

Phosphorus recommendations for corn and soybean grain production (two-year rotation) with
application before corn or soybean - PM 1688 Rev. February 2023 (Mallarino et al., 2023)

Soil Test Category ~ Very Low Low Optimum* High Very High
Bray P1 and
Mehlich-3 P <9 10-17 18-25 26-34 >351
Olsen P <6 7-10 11-15 16-20 >21
Mehlich-3 ICP <16 17-27 28-40 41-51 >52
P to apply (kg/ha) 93 66 57 (0)** 0

*Amounts of P for the optimum category will maximize yield for most conditions. To maintain soil tests in the
optimum category, application rates should be based on nutrient removal with harvested grain using the
prevailing yield for the field or subfield areas. **In the high soil test category, consider applying one half or lower

partial removal rate to the first crop if planning to skip application for the second crop.
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Phosphorus recommendations for corn according to resin P analysis and expected yield
(Raij et al., 1996) - Brazil

Soil Test Category Very Low Low Medium High
Resin P <6 7-15 16-40 >41
Expectd grain yield Pto apply (kg/ha)

2-4 60 40 30 20

4-6 80 60 40 30

6-8 90 70 50 30

8-10 - 90 60 40

10-12 - 100 70 50

Phosphorus recommendations for crops successive crops according to Mehlich-1 P analysis (Cubilla
et al., 2012) - Paraguay

Soil Test Category ~ Very Low Low Medium High Very high
Grain yield (t/ha) P to apply (kg/ha)
1st crop 35+M 15+M 11+M M* R**
2nd crop 30+M 15+M M M R
3 crop 22+M 13+M M M R
Total 87 +3M 43 +3M 11 +3M 3M 3R

* Maintenance rate, crop P removal + P losses (25%); **Replenishment rate, crop P removal.

Leikam et al. (2003) proposed flexible fertilizer P recommendations, based on the sufficiency
approach or the build-maintenance approach to nutrient management, giving the customer
(farmer/consultant) the option of which of these approaches best fits their operation. At low soil test
values, recommendations are intended to apply enough P to i) meet the nutrient needs of the
immediate crop, or ii) to build soil test levels to a non-limiting value, above the critical level. Two
risks are confronted: the risk of input limiting crop yield and the risk of last increment of input being
non-profitable (Figure 14). Build-maintenance programs might be designed for variable periods
facilitating the decision of investment in P fertilizer.

Higher| _ __
risk — ~ Higher
Riskoflast ™ L = _L..eeeseeememnenes r?sk
increment of } ------- Risk of input
input not being ~ _,.-="" ~ limiting crop
profitable yield
L N
N\
ki Build-maintenance
fertility programs \
+ Crop sufficiency .
fertility programs 8year 6-year 4-year \ )
H program program program ow
IFI%\IIZ : risk

v

Level Of Input

Soil test level

Figure 14. Level of risks associated with soil test level and level of input for crop sufficiency and build-up

maintenance fertility programs. From Leikam et al. (2003).
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On deciding the recommended P rate under the sufficiency approach, it was proposed to
increase soil P test just to the critical value/range. The rate of P needed to increase each unit of
extractable P depends on soil type, texture, minerology, original Bray P level, evaluation time of the
fertilization strategy, phosphate fertilizer source, and P extraction method (Rubio et al., 2008;
Schlindwein et al., 2013; Cabello et al., 2016). In tropical soils of Brazil, Schlindwein et al. (2013)
determined that the amount of P fertilization needed to increase P levels by 1 mg kg~ was higher for
the 0-20 cm layer (15.5-17.4 kg P> ha') than the 0-10 cm layer (12.6-16.6 kg P ha'), and that the increases
depended on the fertilizer P source and on the P extraction method. In Mollisolls of the Argentinean
Pampas, Cabello et al. (2016) indicated averages of 4.2-5.4 kg fertilizer P per hectare to raise soil Bray-
P by 1 mg kg (bulk density of 1.2 Mg m-?, 0-20 cm).

A different approach on recommendation of P rates to increase soil P levels would be used if the
criterion is buildup and maintenance. In these cases, the amount of P removed in grain should be
added to the amount of P needed to increase the level of extractable P in the soil to the desired value.
Also, the amount of P needed to increase soil P to the desired level would be different as the increase
should be sustained in the long-term (Ciampitti et al., 2011; Sucunza et al., 2018; Appelhans et al.,
2021b, 2024; Steinfurth et al., 2024). In the central region of Argentina, field experiments of around 10
years showed increases of 1 mg kg with 3-4 kg of positive P balance (applied P minus P removal in
grain) (Ciampitti et al., 2011; Sucunza et al., 2018; Appelhans et al., 2024), but long-term experiments
might indicate higher values of positive/negative balance to increase/decrease soil P tests (Dodd and
Mallarino, 2005; Johnston et al., 2016). In a slightly alkaline but non-calcareous soil at France, under
long-term continuous maize, Messiga et al. (2010) estimated a positive/negative P balance of 7.1 kg P
for an increase/decrease of 1 mg kg as determined by Mehlich-3 soil P test. For lowa and other states
of the US Corn Belt, Mallarino et al. (2023) indicated a variable need of 2 to 7 kg P to increase 1 mg
kg Bray P or Mehlich-3 P. Alvarez and Steinbach (2017) stated that summarizing the soil test P
change-P balance relationship into a single slope would be possible only for soils of similar P fixation,
runoff, lixiviation, and absorption from deep soil layers; and with similar initial soil test P values.

As indicated above, recommended rates, as well as critical thresholds, vary across regions even
for similar soil test P values and are continuously revised. Hopkins and Hansen (2019) stated that P
rates should be increased for high-yielding field crop systems in the US. Zhang et al. (2021) reviewed
P recommendations across 13 states at the southern US and found differences of up to 150% in the
recommended P rate for maize at the same soil Mehlich-3 level. For Nebraska (USA), Wortmann et
al. (2018) found that P rates should be higher than recommended ones, basically covering grain P
removal if STP is lower than 20 ppm. Also at Nebraska, for irrigated continuous corn cropping
systems, Balboa et al. (2023) reported a need of 39 kg P ha' to maintain soil P and a positive P balance
with corn crops yielding above 14 Mg ha!. For soybeans in Illinois (USA), Nakayama et al. (2024)
proposed long-term maintenance applications as an effective and efficient practice for P management
because of the high variability of grain yield and P concentrations, and thus P removal. At the UK,
AHDB (2023) recently updated P recommendations indicating the need to keep soil P levels estimated
for maximum yield or arable crops at 16-25 mg-kg™" Olsen P.

Approaches from the reduction of environmental impacts of P also look to soil test P as an
indicator of potential losses. Withers et al. (2019) indicated that upholding soil test P at levels below
the critical values would reduce eutrophication risk. Sharpley et al. (2003) sketched the relationship
of soil P test and risk of P loss with crop yield and P loss in surface runoff (Figure 15). However,
characterizing current and potential soil P losses, especially through runoff and sedimentation,
requires more parameters than soil P test values (Kleinman et al., 2011). Wall and McDonald (2015)
indicate that despite that there is not specific regulation for the EU, several states address agricultural
P losses through national directives. Ireland has implemented measures to limit P entering water
bodies: ban of P fertilization in high soil P test fields, limits of stocking rates, and other management
measures of P fertilizers and manure. Morgan soil P test is the standard test in Ireland, and
fertilization is managed by improving or maintaining the soil P levels to a Soil Index 3
(“unlikely/tenuous” response to fertilizer) which would be of 6-10 mg L for arable crops.

d0i:10.20944/preprints202503.0557.v1
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P recommendations for rice

P availability under flooded rice management is usually increased because of Fe-phosphate or Ca-
phosphate compounds are converted to P soluble forms (Slaton et al., 2002). At the rice growing
area of Argentina, Quintero et al. (2007) found that changes in P soil fractions were mostly related
to soil organic carbon, soil pH, and soluble and weakly adsorbed Fe. In acid sulfate soils of the
Mekong Delta at Vietnam, P fertilization increased rice yields but Nguyen et al. (2017) attributed
this response mostly to the reduction of Al and Fe toxicity through the formation of Al-P and Fe-
P compounds. Martinengo et al. (2023) stated that the assumption of a direct link between Fe
reduction and rice P nutrition in paddy soils is an oversimplification, and that rice P nutrition is

the result of a complex trade-off between soil redox dynamics, P content, and plant responses.

Relationship of soil P tests with grain yield P response in rice have been variable, with cases of
poor or null relationship (George et al., 2001; Slaton et al., 2002; Fryer et al., 2019) or suitable
association (Bai et al., 2013). George et al. (2001) reported low P responses in traditional varieties

in on-farm trials but more significant responses in improved varieties with high harvest index.

Slaton et al. (2002) reported that broadcast P application between seeding and active tillering were
effective in increasing rice yields in P responsive sites, but soil chemical properies did not provide
any guide to detect P responsive locations. The University of Arkansas (USA) recommends P
fertilization of rice when i) modified Mehlich-3 soil test is less than 25 ppm and soil pH>6.5; ii)
modified Mehlich-3 soil test is less than 15 ppm and soil pH<6.5, and iii) when the field has
recently been precision graded (https://www.uaex.uada.edu/publications/PDF/FSA-2127.pdf),

although the validation of these recommendations has shown poor results (Fryer et al., 2019).

A study using the omission-plot technique, that included 17 countries at SSA, determined

responses in 60% of the trials averaging an increase of 16% to P application (Saito et al., 2019).
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Figure 15. Conceptual relationship of crop yield and P loss in surface runoff with soil P test and risk of P loss
(Sharpley et al., 2003).

Other Methodologies

Soil testing is not widely available in many cropping systems, i.e. smallholders at SSA. It has
also been questioned because of limitations in assessing the actual nutrient supplying capacity (Schut
and Giller, 2020). The QUEFTS model was developed in the late 80s as an alternative for tropical
systems in which soil testing was not available and/or difficult to obtain (Janssen et al., 1990). The
SSNM approach adapted QUEFTS to generate nutrient fertilization recommendations, including P.

QUEFTS consists of four steps that estimate the indigenous nutrient supply (INS), calculate the
actual nutrient uptake, establish yield ranges, and combine them to estimate a final yield (Figure 16).
The recommended rate is estimated from the expected response (difference between final yield and
yield without P) and an estimated recovery for P fertilizer. In SSNM, the Omission Plot Technique
(OPT) is used to estimate INS and the potential yield response to a determined nutrient. INS is
estimated from plant nutrient uptake or grain yield of a crop with ample supply of nutrients except
the one for which INS is being determined. OPT also includes a full treatment, i.e., NPK, which is
compared to a treatment that omitted one nutrient, i.e. NK. Differences in grain yield/uptake between
the full treatment and the omitted nutrient treatment estimate the response. As example of use of
OPT, Gangaiah (2019) developed a study for rice at India that revealed a significant response to P (+
23%) and estimated an INS of 10 kg P/ha.
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Figure 16. The QUEFTS model consists of four steps. Adapted from Janssen et al. (1990) and Sattari et al.
(2014).

Sattari et al. (2014) evaluated QUEFTS for maize, rice, and wheat at contrasting cropping systems
and proposed a recalibration for several model parameters. They state that the main problems in
using QUEFTS relate to data availability on soils and fertilizer field trials, irrigation, and extreme soil
pH values. A specific issue for P is that the model does not account for residual P effects, thus it is
useful just for first season after soil analysis. Results from this study confirm the validity of the
QUEFTS structure but highlight the needs for recalibration of coefficients and equations for different
scenarios, as well as the limitations of soil heterogeneity and weather variability, as it is also indicated
by Chivenge et al. (2022). These limitations reduce the potential for QUEFTS as a generic global
model, able to capture all combinations of soil, climate and management conditions.

Plant Analysis

Plant analysis is an alternative tool to monitor the current P status of the crop, complementing
growth observations and early soil analysis, and/or to adjust P fertilization in the subsequent crops
of the rotation. Table 12 compiles data from literature on the critical ranges/vales of P concentration
in plants or plant parts which indicate possible P deficiencies in field crops. In all cases, it is important
that the plant, or the part of the plant, be collected under the conditions indicate in the protocol,
basically the right plant part at the right phenological stage.

Ranges of 0.21-0.50% P in the flag leaf at heading for wheat crops, 0.26-0.50% in the ear leaf for
maize at silking and in the top fully developed leaf prior pod set for soybean, and 0.09-0.18% for the
most recent leaf at panicle initiation in rice, are considered adequate concentrations for the correct P
nutrition of the plant (Jones, 1998).

Rashid et al. (2005) estimated critical P concentration ranges for spring wheat in Pakistan: young
whole shoots, 0.13-0.28%; recently matured leaves, 0.27-0.36%; and mature grain, 0.13-0.27%. Singh
et al. (2018) reported a critical leaf P concentration of 2.74 mg g in the uppermost fully expanded
leaves between 25 and 37 days after planting for optimum soybean yield.

The determination of critical P concentrations (CPC) has been proposed for different crops to
generate a P nutrition index (PNI) which would relate to crop yield (Ziadi et al., 2007, 2008; Bélanger
et al.,, 2015; Gagnon et al., 2020). Strong relationships between shoot biomass and CPC have been
found but with variations on the parameters of the models according to locations. However,
relationships between shoot P and N concentrations were independent of locations, allowing for
measurements of shoot N to properly estimate CPC. The PNI can be calculated as the ratio of actual
P concentration to CPC under any field situation.
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Table 12. Critical plant P concentration ranges for field crops.
. Critical P
Crop Sampling concentration References
Plant at tillering stage 0.2-0.5 Jones, 1998; Malavolta
Wheat . ) et al., 1997; Plank and
Top 4 leaves at heading-anthesis 0.2-0.5 Donahue, 2000
) Jones, 1998; Malavolta
Barley Plant at heading 0.2-0.5 et al,, 1997
Jones, 1998; Malavolta
Rice  Last full developed leaf at tillering-heading 0.1-0.4 et al., 1997; Dobermann
and Fairhurst, 2000
Plant at 5-6 leaves stage 0.48-0.58 Stammer and
Maize Mallarino, 2018;
Ear leaves at R1 0.25-0.32 Mallarino and Sawyer,
2018
Top third leaves at tillering 0.4-0.8 Jones, 1998; Malavolta
Sorghum Last fully developed leaf at vegetative stages 0.2-0.4 et al., 1997; Clark, 1993;
Top second leaf at flowering 0.2-0.35 Cox and Unruh, 2000
Plant at 5-6 leaves stage 0.33-0.41 Stammer and
Soybean Mallarino, 2018;
Trifoliate leaves at R2-3 0.35-0.42 Mallarino and Sawyer,
2018
Jones, 1998; Malavolta
Sunflower Top third leaves at flowering 0.3-0.7 et al.,, 1997; Merrien
et al., 1986

Use of Remote Sensors

It is anticipated that in the upcoming years there will be a rapid development of sensor
technologies, a main chapter of the Internet of Plants (IoP) (Steeneken et al., 2023). Currently, the use
of remote sensors for crop P status has not been studied as much as for the case of N, there is currently
very little information available on P sensors. In some works, relationships were found between
measurements at early stages and the detection of deficiencies, Osborne et al. (2004) found that
spectral radiation measurements in the near-red and blue regions predicted early P stress in corn (Vé6-
V8).

Most approaches for rapid in-field soil analysis evaluated for P are based on technologies like
near infrared (NIR) and mid-infrared (MIR) spectroscopy), X-ray fluorescence spectroscopy (XRF),
ion-spectroscopy (ISE) or ion-selective field effect transistors (ISFET) (Najdenko et al., 2024). In most
cases, their successful application under field conditions has yet to be demonstrated. There are
proximal and remote alternatives. Among proximal sensors, machine-based and hand-held or static
invasive sensors and machine-based, hand-held (in-situ) and in-situ (Y ray) non-invasive sensors
might determine phosphate. Among spectral sensors, visible NIR might detect plant available P. Ion-
selective electrodes, as electrochemical sensors, has also been developed to determine plant-available
P with success. Alternative non-invasive in-situ devices through spectral sensors can estimate plant-
available P. Many of these in-field analysis combine different sensor technologies to be able to
simultaneously determine soil nutrients and soil pH.

Further research is needed to advance this branch of technological and scientific knowledge for
P management. Once developed, these technologies would be more accessible and affordable than
soil testing for smallholder farmers, for example at Africa (Vanlauwe et al., 2023).
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4.4.3. Right Placement

There are several options for fertilizer P placement in field crops: banding with the seed, banding
to the side, deep banding, broadcasting (Figure 17). Generally, crop responses to P placement for field
crops depend on soil P test status. Banding near the seed at planting is the best placement option for
field crops under P deficient soils (McLaughlin et al., 2011; Noonari et al., 2016; Grant and Flaten,
2019; Freiling et al., 2022; Sharifi et al., 2024). However, Mallarino et al. (1999) did not find response
to P placement in maize when comparing P banded with the planter 5 cm beside and below the seeds
and broadcast or deep-banded at a 13- to 18-cm depth before planting. Barbieri et al. (2014) found
that broadcasting 3 months before seeding and banding resulted in similar P recovery efficiencies
and wheat grain yields at high organic matter Argiudolls of the Pampas of Argentina under no-
tillage.

wide band wide band narrow band
overrow betweenrows near row

uniform broadcast surface bands of various widths
application and distances from the seed

shallow band

deep band
band positions band positions at varying distances
with or near the seed between or below crop rows

Figure 17. Options for fertilizer P placement in field crops. From IPNI (2012).

When soil P tests are at optimum levels, yield responses are low or null thus P fertilizer
placement is not an issue (Bordoli and Mallarino, 1998; Nakayama et al., 2024). Starter fertilization, a
low P rate with or near the seed, has shown yield responses in complementing a main application
either broadcast or deep banding (Preston et al., 2019). Deep fertilizer P placement has increased P
use efficiency under several cropping systems (McLaughlin et al., 2011; Nkebiwe et al., 2016; Hansel
et al., 2017; Freiling et al., 2022).

Foliar P fertilization would be an alternative for rescue situations, soil with high P-fixing capacity
or complementary for rapid P supply (Ling and Silberbush, 2002; Mosali et al., 2006; Girma et al.,
2007; Noack et al., 2010; Bindraban et al., 2015; Grant and Flaten, 2019; Hopkins and Hansen, 2019).

Girma et al. (2007) reported that foliar P applied at a rate of 8 kg ha™ at the VT growth stage in
maize increased grain yield in some experiments. These authors suggested that foliar P, at the correct
growth stage and rate, could be used as an efficient P-management tool in maize.

Field experiments in maize and soybean with multi-nutrient foliar fertilizers, including P,
showed erratic responses in the US (Boote et al., 1978; Haq and Mallarino, 2000; Mallarino et al., 2001).
Responses were low and did not follow a special management, soil or climate condition.

Noack et al. (2010) pointed out that the success of foliar P applications depends on the soil P
level, water status, crop type, fertilizer formulation, and climatic conditions. Foliar P might reduce P
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inputs for the crop and improve PUE, combinations of soil and foliar applications would be a suitable
alternative for specific soil, crop and management situations under field crop production.

Deraoui et al. (2021) found a significant effect of soil P fertilizer on wheat grain yield
components, grain P use efficiency and available P in soil in calcareous-alkaline soils of Algeria, but
no differences were observed for these parameters among foliar P fertilizer sources. Similarly, Al-
Harbi et al. (2013) reported wheat responses to foliar P applications under calcareous soils of Saudi
Arabia, the best P management strategy being application of foliar P along with medium rates of soil
P fertilizer. Also, Talboys et al. (2020) using a combination of controlled-environment experiments
and radio-isotopic labeling, indicated that the combination of seed dressing and foliar P applications
showed greater PUE, P uptake and wheat grain yield than the conventional soil-based application.

Site-specific management (SSM) and associated precision agriculture techniques would improve P
management and contribute to the efficient use of P fertilizers (Mallarino and Schepers, 2005). The
high spatial variability of soil P test and fertilizer P recovery leads to site-specific P management
(Nishigaki et al., 2019). Moreover, the availability of variable rate technology either with solid or
liquid P fertilizers has supported the acceptance of SSM for P fertilization.

Soil sampling for SSM includes grid sampling of cells of different size or sampling of
homogeneous zones (Schepers et al., 2000, Mallarino and Wittry, 2004; Hornung et al, 2006).
Identification of soil P test variability allows for application through variable rate technologies (VRT).
Recommendations for different cells or management zones would follow the concepts already
described for right rate. Comparisons of PUE and/or economic return of VRT vs. uniform applications
have been variable and highly dependent on the extent of soil P variability in a specific field and the
consideration of P residual effects (Lambert et al., 2007). On-the-go sensors would greatly help in
characterizing soil P variability across fields.

4.4.4. Right Time

Time of P application depends on soil P dynamics, crop requirements, and P source/placement
(Figure 18). Applications of P in cereal-based systems might be in advance of crop planting because
of the low P mobility in soils (Bundy et al., 2005).

Early P availability is critical for high yields and high PUE (Mollier and Pellerin, 1999; Pellerin
et al., 2000; Smit et al., 2013; Bindraban et al., 2015). Fertilizer P application for field crops has shown
better PUE in early applications for rice (Slaton et al., 2002; Sanusan et al., 2009), before or at planting
for maize (Amanullah et al., 2010), pre-plant or at seeding for wheat and other winter cereals (Grant
and Flaten, 2019).

Pre-plant surface broadcast P applications should consider the risk of P transport to surface
waters, especially for water soluble P sources. Field topography, distance to water ponds and
streams, and precipitation intensity would be key factors to consider.

Research is not conclusive regarding differences in PUE when comparing rotation vs annual
applications. Some authors consider that a single P application for several crops in the rotation would
not show differences with single crop applications (Randall et al., 1997), while in other cases single
applications for each crop outyielded a one-time application for the whole rotation (Appelhans et al.,
2024).

d0i:10.20944/preprints202503.0557.v1
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Figure 18. Time and method of P application in cereal crops (i.e., maize).
4.5. Advances and Potential Developments on BMPs for P

4.5.1. Small Holders Cropping Systems

Aune et al. (2017) indicates that precision agriculture provides low-cost methods to increase
yields for small holders in West Africa. These methods include seed treatment and priming, micro-
dosing fertilization, manure application, and water management. Fertilizer micro-dosing plus seed
priming has resulted in yield increases of 50 to 100% (Rakotoson et al., 2020). Micro-dosing with rates
as low as 0.3 g fertilizer per pocket (plant) seems to be the recommended rate for sorghum and pearl
millet.

Further information of P management in small holder cropping systems is presented at
Chivenge et al. (2022) and Vanlauwe et al. (2023) and was discussed in previous sections.

4.5.2. Organic Farming

P sources approved for organic cropping systems include rock phosphate, manure, compost,
and biofertilizers (Nelson and Janke, 2007; Hue, 2024). Rock phosphate has shown more effectiveness
in soils of pH 5.5 or lower. Manure and compost sources provide available P, but its management
should evaluate possible P losses to the environment from P buildup, especially when these sources
are managed as primary N source. Thus, BMPs should address the control of P buildup through the
incorporation and proper timing (avoiding high and intense precipitation periods) to reduce
particulate and dissolved P losses to surface waters. Other materials such as bone meal and meat
from cattle or fish may be used as P sources in organic farming, they consist mainly of apatite-like
calcium phosphate like rock P (Hue, 2024).

Organic systems would benefit crop P nutrition through increased organic matter, P cycling with
cover crops, and mycorrhizae colonization (Hallama et al., 2019; Hue, 2024). P cycling through
organic sources would benefit from P solubilizing bacteria.

4.5.3. Environmental Issues Related to P

The environmental impacts of P have been extensively discussed in recent years (Sharpley et al.,
2003, 2006, 2015; Smith et al., 2015; Wall and McDonald, 2015; Withers et al., 2019). These impacts are
related to surface water contamination and, to a lesser extent, to water-table pollution. Agriculture
has been identified as the main source of these effects. The application of fertilizer P BMPs discussed
in the previous paragraphs, would reduce and even avoid these impacts.

The following are among the main BMPs for P and the environment (Withers et al., 2019; Walker,
2023):

. Reduce soil erosion and runoff.
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. Avoid surface-broadcast applications in the hilly landscape and in the rainy season.
. Know soil and manure P levels.
. Match fertilizer and manure P to crop needs.
. Do not over-apply fertilizer or manure P on sites contiguous to rivers, streams, reservoirs or
lakes.
. Establish buffer strips along river and stream banks, reservoirs and lakes.

Source and transport practices should be combined to reduce P transfers from field to water
(Sharpley et al., 2004; Singh et al., 2020). Kleinman et al. (2011) indicate that water quality protection
in different situations always requires on-farm actions, but agro-ecosystems with long term
challenges such as severe P surpluses require efforts beyond the local farm gate.

Alewell et al. (2020) indicate average soil P losses by water erosion of 5.9 kg P /ha/year with
variations among continents and countries but averaging over 50% of total P losses. There is a need
to reduce soil erosion, considering differential impacts in components of P balances across cropping
systems.

Research on the effects on no-tillage on P losses shows contrasting results (Osmond et al., 2019).
Smith et al. (2015) compared no-tillage and rotational tillage (e.g., tilled only before planting corn)
and reported that no-tillage doubled soluble P loading but decreased total P loading by 69%
compared to rotational tillage. Similarly, grassed waterways and rotation with wheat and oat reduced
total P loads compared to the standard corn—-soybean rotation in the region. Similar results under no-
tillage have been reported by Lamba et al. (2016). However, Duncan et al. (2019) indicated that the
widespread adoption of conservation tillage and cover crops might increase P loading to surface
water bodies in the absence of other P management practices.

In the US, regulatory agencies requested to establish agronomic soil test P recommendations,
environmental soil test P thresholds, and a P index to identify fields according to their vulnerability
to potential environmental P losses (Sharpley et al. 2003). The P indices rank site vulnerability to P
loss by accounting for P source and management and transport factors, plus factors like flooding
frequency, conservation practices, and others. States built their own P indices which widely vary
among them and in their effectiveness as risk assessment tools (Osmond et al., 2017).

4.5.4. P Fertilization and Soil Health

Dinca et al. (2022) indicated that mineral and organic fertilization increases the abundance and
growth of microbial populations through nutrient supply, and that negative effects have been
observed on decreases of enzymatic activity mainly in soils that lost organic matter and receive
considerable amounts of fertilizer.

Vanlauwe et al. (2023), for SSA conditions, stated that fertilizer use might be a starting action to
improve soil health, but investments for rehabilitation should anticipate it on degraded soils where
fertilizer responses are limited.

4.5.5. Modeling P Dynamics in Soil-Crop Systems

Simulation models of P dynamics in agroecosystems have been developed since the 1970’s
(Allan Jones et al., 1991). Several of these models addressed single P transformations, while others
look at the whole complex transformations of the P cycle involving P chemistry, soil supply and
removal by plants, and hydrological processes (Ziadi et al., 2013).

Das et al. (2019) indicate that agricultural P modeling would support and integrate scientific
advances and identify strategies to increase PUE. However, they found a shortage of field data, a
limited ability to predict P cycling and availability and a limitation in matching conceptual and
modellable pools with measured P fractions. Interdisciplinary collaboration and complementary
efforts would be key factors in developing

Drohan et al. (2019) reviewed decision support systems (DSS) with different scales of application
and resolution at several countries. They pointed out that those recent developments have targeted
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integrated digital mapping advancing runoff modeling and education. Technologies such as
monitoring, imaging, sensors, remote sensing, and analytical instrumentation would assist the
development and adoption of DSSs. The incorporation of “big data”, in a format acceptable to users,
remains as a challenge for DSSs.

Wang et al. (2020) indicated that modeling of agricultural P losses has increased significantly,
specifically analyzing hypothetical reduction of P losses through adoption of BMPs (Gitau et al., 2008;
Lamba et al., 2016; Osmond et al., 2017). The authors foresee improvements in the accuracy of P loss
modeling by incorporating processes and subroutines for direct P loss; integrating field and
watershed models for BMP calibration; and building holistic interactions among the several
stakeholders.

5. Looking for Sustainable P Use and Management in Cereal-Based Cropping
Systems

There is a strong need for sustainable P use and management in cereal-based cropping systems
from the concerns on P scarcity, P deficient soils of many world regions, environmental negative

impacts of excessive P applications, and improved PUE, recovery and recycling.
The main issues addressing these needs and discussed in this review are:

. Large variability in soil P availability and PUE in cereal-based cropping systems across world
regions and cereal-based cropping systems

. Knowledge of P cycling is key for successful P management

. BMPs are the foundation for improving PUE and decoupling production from externalities in
P management

. Emphasis on Right source, Right rate, Right time, and Right placement
. Essential BMPs:
Diagnosis of soil P status

Evaluation of P balance in the rotation: Budget P removal and application

Precise P fertilizer recommendations

O O O O

Attend cropping system condition (rotation, crop, climate, farmer) and economics on deciding

P source and placement/time
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