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Abstract

In 2016, a group of experts convened to set priorities for organic phosphorus (P) research, addressing global issues, meth-
odological strengths and weaknesses, and the benefits of understanding the organic P cycle. Seven years later, scientists and
students with an interest in organic P reconvened to discuss progress and new insights, and this review highlights recent
major research updates. Interest in organic P research has increased since 2016, and new priorities have emerged, including
the impact of climate change on organic P, the influence of geopolitical crises on P supplies, and the adoption of sustain-
able practices like regenerative agriculture. Climate change was a central theme in the 2023 discussions, with an increased
emphasis on integrating P and especially organic P into climate change research, which has traditionally focused more on
carbon (C) and nitrogen (N). The discussions highlighted disparities in accessing analytical equipment globally, and its con-
sequent impact on research quality and scope. To address these issues, coordinated efforts involving the research community,
government policies, and international cooperation are needed, much the same as we see with the climate and biodiversity
crises. Promoting sustainable agricultural practices, investing in soil health, and enhancing education and extension services
are crucial. Future research should focus on standardizing analytical methods, integrating nutrient balance into models, and
exploring soil-microbiome-plant interactions. Regular and intedisciplinary workshops, social media engagement, and the
establishment of research networks are recommended to maintain momentum in organic P research. Raising public and
stakeholder awareness about the importance of organic P is essential for advancing knowledge in this area.
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1 Purpose

In 2016, a group of experts met to set priorities for organic
phosphorus (P) research. The discussion covered “global
issues associated with organic P in the terrestrial environ-
ment, methodological strengths and weaknesses, benefits
to be gained from understanding the organic P cycle” and
presented a current state of organic P research and future
research directions (George et al. 2018). Seven years later,
many of this same group of experts, with the addition of
new emerging experts in the field, met again to discuss the
outcomes, progress and new insights for organic P research
(https://opwinchile2023.cl/) with a theme of “Exploring
organic P fate in soil and aquatic ecosystems under the
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climate change and food security scenario”. The objec-
tives of this review are to highlight major research updates
since the 2016 meeting, to push for additional research in
key areas, and to foster interest in organic P impacts across
disciplines.

Shifts in Phosphorus Challenges?

Of the many challenges facing our changing planet, it is
well established that the distribution and availability of P
remains a critical concern, with potential impacts to human
and environmental health (Fig. 1) (Yang et al. 2013). Phos-
phorus also remains beyond the planetary boundaries for
sustainability (Richardson et al. 2023) a status it has held
since the first analysis in the 2000’s. In many regions soils
are deficient in plant-available P, leading to poor crop growth
and the inability to feed a growing population (Cordell et al.
2009). Simultaneously, parts of the world that have readily
available P sources from animal production, P-rich residual
products from urban areas, or can afford mineral P fertilizer,
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Fig. 1 Key challenges facing the
future of organic phosphorus.
Figure created using Biorender.
com
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have high levels of accumulated P in soils (Kleinman 2017).
These P-enriched soils are known as legacy P soils and pose
a risk to surface water pollution in the form of eutrophica-
tion (Lucas et al. 2023; Sharpley et al. 2013; Toor and Sims
2016). However, they also create an opportunity as a source
of P for agricultural systems reducing the requirement to
continually add P inputs (Doydora et al. 2020).

Along with non-uniform distribution, in both chemical
form and geography, the P that exists on planet earth is a
finite resource (Geissler et al. 2018; MacDonald et al. 2011).
While new discoveries of phosphate deposits (e.g. Norway)
(Wybrew 2023) may extend the lifespan of the P reserves
in the near term, it is still a finite resource with evolving
consumption rates and demands. Phosphate rock remains
classified as a critical raw material (European Commission
2014), not only because it is a finite resource, but also due
to the political dependency. Countries lacking P deposits are
dependent on imports and are therefore vulnerable to market

@ Springer

distribution of P /

Availability and release
from organic and
inorganic pools

Geopolitical
Crises

Limited global
supply and
competition for P,

resources

Interactions between
= P,C,and N cycling

Microbial impacts /
on P cycling

fluctuations and mineral fertilizer prices, creating political
and economic dependence, particularly exacerbated in the
current geopolitical crisis (Brownlie et al. 2023). New uses
for P, such as in batteries for electric cars and other energy
storage, could lead to additional competition and demand,
and therefore change the trajectory of utilization and priori-
ties for the use of the earth’s P supply. Due to population
growth and changes in diet as a result of rising living stand-
ards in emerging and developing countries, the agricultural
demand for crop nutrients will increase and consequently
their criticality (Mogollén et al. 2018).

Furthermore, when defining the “planetary boundary”
of P, inorganic and organic P forms are not differentiated
(Fig. 2) (Kopittke et al. 2021; Richardson et al. 2023;
Steffen et al. 2015). The P boundary considers preven-
tion of large anoxic events both in oceanic and freshwater
systems, with a threshold of 11 Tg P year™! influx of P
from freshwater to ocean, and 6.2 Tg P year™' mined and



Journal of Soil Science and Plant Nutrition (2025) 25:393-408

395

Fig.2 The status of phospho-
rus as a “control variable” of
planetary boundaries, redrawn
viewing only P status from the
list of control variables pre-
sented by Steffen et al. (2015)
and Richardson et al. (2023)

applied to soils susceptible to erosion (Steffen et al. 2015).
According to Steffen et al. (2015), we have passed these
thresholds “beyond the zone of uncertainty.”

2 The Place of Organic P

In most soils, organic P represents a substantial portion of
the total P, typically ranging from 30 to 65% (Condron et al.
2005). Its transformations are therefore crucial for overall
P cycling and influenced by a combination of biological,
chemical, and physical factors, making this pool highly
dynamic. Organic P turnover in soil is primarily driven by
immobilization and mineralization rates, which are medi-
ated by microorganisms. The transformation of organic P by
soil microorganisms is often constrained by the availability
of suitable C substrates (Spohn and Kuzyakov 2013; Wang
et al. 2016). Organic P transformations are also depend-
ent on abiotic interactions. For example, orthophosphate
esters are almost completely ionized in most of the pH
range found in soils, with their adsorption to soil miner-
als varying widely depending on the specific ester and soil
mineralogy (Condron et al. 2005). The distinction between
organic and inorganic P is challenging due to the abiotic
and biotic processes occurring simultaneously. For example,
inositol-P is predominantly adsorbed on soil surfaces (inor-
ganically bound), yet its desorption or formation is largely
driven by soil microorganisms, indicating a combination of
chemical and biological processes (Celi and Barberis 2005;
Celi et al. 2022). These dynamics are further influenced by
environmental conditions such as temperature and soil water
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content, as well as the history and intensity of land use,
including associated rates of P input and removal. Because
of the particular influence of these abiotic and land manage-
ment factors on the organic P pool, climate change is likely
to affect the transformation dynamics. Despite the necessary
importance given to understanding the C and N cycles in the
context of climate change, P cycles remain under-consid-
ered. Recent works have also highlighted that increasing soil
organic C storage, a key mitigation against climate change,
is often limited by the amount of P available to allow the
stoichiometry for C accumulation (Feng et al. 2023; Spohn
2020a). The role of organic P is yet to be clarified in this
context. Given current and future global challenges, under-
standing the contribution of organic P to global P cycling
is critical. This focus is necessary for accurately assessing
the planetary boundary for P and the potential contribution
to climate change mitigation and agricultural sustainability.
Predicting the cycling of organic P, its availability to ter-
restrial and aquatic organisms, and improving methods to
measure and differentiate organic P fractions will be crucial
for the sustainability of P.

3 Revisiting the Priorities for Organic
Phosphorus Research

The focus on organic P has increased since the 2016 meet-
ing. Between 2017 and 2023, Web of Science Core Collec-
tion database returned 802 records (Supplementary material)
for publications including keywords “organic P”” and “soil”.
This shows a steep increase in interest considering that there
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are only 2045 records for “organic phosphorus” in total from
19162023, and therefore more than 39% of the total records
have been added after 2016.

During the Organic P workshop in Pucon, Chile, partici-
pants were divided in two groups and were asked to consider
the priorities of research and focus areas to be strengthened
in relation to the discussions held in 2016. The discussion
points from the two groups were associated with past pri-
orities highlighted in 2016. In this section, we present the
progress and some significant examples associated with the
priorities set in 2016 by George et al. (2018). The significant
examples were chosen based on presentations given at the
OPW2023, authors knowledge of specific studies and litera-
ture search using Web of Science and Scopus with relavant
key words associated to the topic (see Supplementary mate-
rial). Priorities were grouped by themes and are presented
in the ten boxes below.

Box 1- Analytical methodology

Priorities set for organic P in 2016:

e Link operationally-defined pools with biological processes

o Standardisation of protocols

e Development of in situ, nondestructive techniques for organic P
analysis

Isotopic and sequential extraction methods

Significant progress:

The use of the stable isotope 30 has become more common to inves-
tigate P cycling mediated by soil microorganisms and especially
to quantify inorganic P released from enzymatic hydrolysis. Latest
advances in soil-plant systems include the optimization determina-
tion of 5'30j, natural abundance and in '30-water enriched soil in
various P fractions (from a modified Hedley extraction (Hedley
et al. 1982))

Oxygen isotope ratios in the phosphate and hydroxyl moieties of
inositol phosphates has recently been measured using electrospray
ionization (ESI)-based Orbitrap mass spectrometry (Hollenback
and Jaisi 2024). This technological progress gives opportunities or
investigating the position-specific oxygen isotopes in organophos-
phorus compounds

Hedley sequential extraction and its modifications have been proven
to be an important tool to be

combined with other methods to better understand cycling of organic
P in soils (see below examples). Recently, using various **P labelled
organic P compounds in soil incubation experiments, Wasner et al.
(2023) reavealed that within 24 h the pace at which phosphodiesters
are hydrolyzed is set by the depolymerization step and that a con-
siderable amount of organic P is taken up directly by microbes

Examples of key studies:

o Use of 5'30y at natural abundance and modified Hedley sequential
extraction to determine how biological cycling of P contributes to
P cycling during pedogenesis in a glacier chronosequence (Frkova
et al. 2022) or along a climatic gradient with varying rainfall
(Helfenstein et al. 2018)The latter study also combines P K-edge
X-ray absorption spectroscopy and **P isotopes

o Combination of various methods to enhance P-cycling:
180_enriched in combination with sequential extraction, 3P iso-
topes, K-edge X-ray absorption spectroscopy or liquid *'P NMR
spectroscopy—Helfenstein et al. (2018), Siegenthaler et al. (2024)
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Potential future directions:

For accurate interpretation of 5'30;, values, von Sperber et al. (2023)
proposed a need to further

differentiate, in bulk organic P pool extracted by NaOH-EDTA,
organic P that can be hydrolyzed by

enzymes (i.e., labile organic P and newly synthesized organic P such
as microbial organic P) from those

that are recalcitrant (e.g., high molecular weight or those not acces-
sible by enzymes). These authors

also stressed the importance of establishing reference standards for
oxygen isotope ratios in phosphate

and proposed Ag;PO, as a good candidate

Organic P speciation

Significant progress and key studies:

Liquid-state *'P NMR spectroscopy is one of the main tools for
organic P speciation (McLaren et al. 2019). In recent years, four
main approaches have especially improved the organic P specia-
tion identification of the unresolved phosphomonoester spectral
region of soil organic P. The four approaches includes: 1) soil
organic matter (SOM) fractionation followed by Liquid-state 3'P
NMR spectroscopy for organic P speciation. It was for example
shown that 47% of the unresolved phosphomonoesters are linked
to the SOM fraction released by breaking ester (40%) and ether
(7%) bonds, while about 30% of this unresolved organic P pool is
associated with the SOM fraction closely tied to the soil min-
eral phase (Reusser et al. 2023); 2) treatment of NaOH-EDTA
extracts by hypobromite oxidation allowed the identification of
lower-order inositol phosphates (IP5 and IP4) and two isomers of
myo-IP5 (Reusser et al. 2020); 3) combinaison of 1D 3P NMR,
2D 'H3'P NMR and *1P transverse relaxation (T2) investigate
monoester background and molecular weight (Haddad et al. 2024);
4) improved spectral deconvolution fitting methods have also sig-
nificantly increased the accuracy of myo-IP6 quantification in soil
extract by avoiding overestimation

Other analytical methods, such as high-resolution liquid chromatog-
raphy-mass spectrometry (LC-MS), have been shown to provide
hierarchical identification of: 1) phytase-type enzymes catalyzing
the hydrolysis of a mixture of organic P compounds; 2) the role of
ferrihydrite in the dephosphorylation of ATP and 3) a wide range
of phosphorylated organic compounds in the low molecular weight
organic P pool

Examples of key studies:

o Organic P speciation refining using liquid state refined >'P NMR
spectroscopy methods—Reusser et al. (2020), Reusser et al. (2023),
McLaren et al. (2020), Haddad et al. (2024)

o Organic P speciation using high resolution liquid chromatogra-
phy —mass spectrometry (LC-MS)—Solhtalab et al. (2021), Klein
et al. (2019)

Potential future directions:

With the increasing usage of liquid state >'P NMR spectroscopy,
standardization of protocols for spectral processing and peak iden-
tification are important. There seems to be a huge potential of using
artificial intelligence (Al) to speed up this process, for example,
by establishment of a platform that automates these NMR data
interpretation
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Organic P interaction with soil surfaces

Significant progress and key studies:

Understanding soil mineralogy and its relationship with the adsorp-
tion and precipitation of organic P is crucial for determining its
availability and sequestration in the soil environment. In recent
years, advancements in technologies such as atomic force micros-
copy (AFM), X-ray diffraction, K-edge X-ray absorption near edge
structure (XANES) attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy, electrospray ionization coupled
with Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FT-ICR MS), and solid-state 3'P NMR have led to significant
progress in studying and understanding the interactions between
organic P species and soil minerals

Examples of key studies:

e An extensive review on the organic P interactions and soil miner-
als—Yan et al. (2023), and references therein

o Organic P fractionation from 0.1 M NaOH-extracted sediment,
driven by the adsorption on crystalline goethite and amorphous fer-
rihydrite at the molecular level—Jiang et al. (2024)

o Effects of pH on partitioning of P (orthophosphate and phytate)
sorption on Fe oxyhydroxides and montmorillonite—Prietzel et al.
(2024)

e Inorganic and organic P retention by coprecipitation during ferrous
iron oxidation—Santoro et al. (2019)

o Soil minerals on organic P availability and P uptake by plants—
Amadou et al. (2022)

e Reduced adsorption of arsenite and arsenate on goethite due to
competition of myo-inositol hexaphosphate for the same binding
sites—Balint et al. (2020)

Potential future directions:

Current research on the interaction between organic P and soil min-
eral interfaces remains limited. However, with the development of
technologies that allow more in situ observation and analysis, future
studies could focus on this area providing a direct mechanistic
understanding. Two recent reviews (van der Bom et al. 2022; Vogel
et al. 2016) highlight the potential of in situ methods to characterize
P, although very little has been applied to organic P

Box 2—Interaction with other nutrients

Priorities set for organic P in 2016:

e Link the organic P cycle with other biogeochemical cycles

e Optimise stoichiometry between organic P and other elements for
system function

o Integrate soil physics, chemistry and biology to understand organic
P and how it fits with wider soil fertility

Significant progress:

Recent studies explored the impacts of various nutrient limitations
on organism retention and reuse, shedding light on how nutrient
availability influences microbial communities and their interactions
with organic P. Investigations into the effects of SOM quality, such
as particulate OM and mineral-associated OM, on C use effi-
ciency have provided insights into the complex interplay between
soil organic P and C dynamics. Integrating nutrient balance into
modeling frameworks has enhanced our ability to predict nutrient
dynamics and their implications for organic P cycling within soil
ecosystems. Moreover, studies examining the effects of fertilizer
application on organic P mobilization have highlighted agricul-
tural practices' potential impacts on soil P availability and cycling
pathways

Examples of key studies:

o Effect of various nutrient limitations on organism retention and
reuse—Chen et al. (2019)

o Effect of soil organic matter quality (particulate organic matter and min-
eral associated organic matter) on C use efficiency—Ma et al. (2024)

o Intregration of nutrient balance into models—Yang et al. (2023)

o Effect of fertilizer addition on organic P mobilization—Spohn and
Schleuss (2019)

Potential future directions:

The current work collectively underscores the multifaceted nature of
organic P interactions within soil ecosystems and emphasize the
need for continued research to elucidate these complex dynamics

Significant progress has been made in understanding the stoichiometry
between organic P and other elements, particularly the C:N:P ratios
in microbial biomass, bulk soil, and soil organic matter. This research
area remains pivotal for comprehending nutrient dynamics in ecosys-
tems, yet there is a notable scarcity of studies specifically focused on
organic P, indicating a need for further investigation in this domain

Box 3—Interaction with soil microorgansims

Priorities set for organic P in 2016:

eUnderstand which genes and transcripts control the microbial
response to organic P

o Understand microbial impacts on organic P cycles

o Understand the P limits to plants and microbes

o Produce a molecular toolkit for studying microbial structure and function

Significant progress:

Since 2016, there has been a notable increase in studies examining micro-
bial community functional traits, particularly phoD and phoC-harboring
bacteria, in relation to various land uses and soil management practices.
While previous research often suggested that inoculating specific micro-
organisms, such as phosphate-solubilizing microorganisms (PSM),
could enhance plant-available P, recent reviews have cast doubt on the
ability to significantly alter soil P nutritional status at scales beneficial
to plants. Additionally, research into the symbiotic relationship between
arbuscular mycorrhizal fungi (AMF) and plant roots has intensified,
focusing on understanding the energy costs involved and interactions
with microorganisms capable of mineralizing organic P

An increasing number of publications also investigate the interaction
between soil fauna and P, especially earthworms

Examples of key studies:

e Microbial communities functional traits (phoD and phoC-harboring
bacteria)—Wei et al. (2019), Fraser et al. (2017), Luo et al. (2019), Wei
etal. (2021)

o Effect of various nutrient limitation on organism retention and
reuse—Chen et al. (2019)

e Use of microorganism inoculants as a reliable strategy to deliver P
to the plant at field scale contested—Barrow (2024), O'Callaghan
et al. (2022) and Raymond et al. (2021b)

e Microbial symbiosis, such as the AMF, question the energy cost
(C) e.g. Andrino et al. (2021) study suggested that AM plants invest
larger C amounts into their fungal partners at lower P availability.
Other work involving AMF showed that AMF hyphae can serve
as a transportation mean for organic P mineralizing bacteria (Jiang
et al. 2021). However the question of the energy source remains a
limitation for efficient organic P mineralization

e Linking soil nutrient stoichiometry and microbial interactions—
Heuck et al. (2018)

e Earthworms and soil P cycling—Nahidan and Ghasemzadeh
(2022), Vos et al. (2022)
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Potential future directions:

The current research places a strong emphasis on soil microorgan-
isms; however, they are often treated as isolated entities. We
propose that future research should explore the interrelationships
between microorganisms and nutrient stoichiometry in cellular and
community metabolism, particularly focusing on the cycling of P
within the broader context of other biogeochemical cycles. This
approach is critical because, depending on soil nutrient balance,
microorganisms can function as either a 'net sink' or a 'net source' of
available nutrients, particularly P, thereby influencing its immedi-
ate availability to plants through competition. Consequently, it is
essential to consider nutrient stoichiometry and microbial interac-
tions together in future studies to improve our understanding on
ecosystem functioning. Additionally, the effects of climate change
on P cycling mediated by microorganisms should be considered, as
changes in soil temperature, atmospheric carbon dioxide concentra-
tions, and N deposition are likely to impact microbial communities

Future research should also encompass various scales of interactions
between organisms, such as 1) trophic interactions and food webs
(e.g., nematodes, protists, and other which graze on bacteria) and 2)
signaling processes between plants and the rhizosphere microbi-
ome, as well as between AMF and the hyphosphere microbiome

Box 4 — (Co-) Precipitation and dissolution of Phosphorus
with Fe

Priorities set for organic P in 2016:
e Understand organic P interaction with minerals
o Assess the fate of organic P in redox affected environments

Significant progress:

The interaction of organic P with minerals is largely known to
increase its stability in soil and determine a selective enrichment of
the most reactive species such as inositol-P (Celi et al. 2020) with
respect to other organic P species. Recent progress has been made
in understanding that, aside from adsorption and precipitation,
organic P may be retained by coprecipitation processes following
changes in pH, Eh and ionic strength. Coprecipitation is a complex
process, involving several mechanisms as a function of the P
species, porewater P/Fe ratio, and interaction with organic matter
and other ionic compounds present in the soil solution. In soils
experiencing reducing conditions organic P may be released into
the porewater solution following microbial-driven reductive disso-
lution of coprecipitates and easily migrate to oxygenated zones with
consequent re-precipitation. This leads to a heterogeneous organic
P spatio-temporal distribution with important consequences on the
microbiome-plant ecosystem

Examples of key studies:

e Organic P retention during Fe(Il) oxidation—Santoro et al. (2019),
Voegelin et al. (2013), Wan et al. (2016)

o Reductive dissolution of iron oxides and effects on P dynamics in
redox affected soils—Wang et al. (2022), Martinengo et al. (2023)
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Potential future directions:

Research is needed to understand the role of organic matter and
ionic compounds in the coprecipitation processes. The impact of
oxidation-reduction processes on organic P dynamics remains still
underexplored as well as its implications in redox soils such as rice
paddies. The influence of Fe—P coprecipitates as sources or sink of
P for plants remains largely debated

Additionally, Yan et al. (2023) proposed three focus areas for organic
P — mineral interactions: 1) effects of mineral compositions and
structures, redox conditions (for Fe (oxyhydr)oxides) on their inter-
action with organic P; 2) further study on underlying mechanisms
of organic P-mineral interaction at molecular scale using combina-
tion of different advanced techniques; and 3) further investigation
on effects of organic P-mineral interaction on interfacial dynamics
of organic matters, heavy metals, and micronutrients

Box 5—Nano-particles

Priorities set for organic P in 2016:

e Understand organic P interaction with natural and manmade nano-
particles

o Assess the utility of nanoparticles to help manage the system

Significant progress:

Natural nanoparticles and fine colloids are shown to play an impor-
tant role in biogeochemical cycling of P. In forest ecosystems, these
materials as dissolved organic P can make up 40-100% of P losses
(Bol et al. 2016). Recent progress has been made in understanding
the movement of natural colloids in soil through the development of
Field Flow Fractionation coupled with an organic carbon detector
and ICP-MS. This method has been applied to various soils and
surface waters, revealing three distinct size classes of colloids with
characteristic compositions: organic, organic matter associated with
Fe- and Al-hydroxides, and layer silicates. Additionally, there have
been advancements in synthesizing phosphate nanoparticles for use
as fertilizers, although most studies have focused on the inorganic
form of phosphorus

Examples of key studies:

e Application of Field Flow Fractionation coupled to an organic
carbon detector and ICP-MS (Gottselig et al. 2017; Missong et al.
2018a, 2016, 2018b)

e Phosphate nanoparticles synthetization and evaluation for feasibil-
ity (Tosun et al. 2021), for P availability (Bollyn et al. 2019; Xiong
et al. 2018), and for the effects on P use efficiency and crop produc-
tivity (Abdelmigid et al. 2022; Guzméan-Baez et al. 2021; Sakhno
et al. 2022; Yaseen and Amin 2021)

o Bioavailability and engineering of the nano-fertilizer with the
catalysis role of iron oxide nanoparticles in hydrolysis of several
phosphate esters in water and the effect of temperature (Huang
2019)

e Maghsoodi et al. (2020) provide an review on positive and negative
effects of Hydroxyapatite nanoparticles (nHAPs) as well as underly-
ing mechanisms on plant growth and yield

Potential future directions:

We suggest to intensify the investigation of mechanistic interactions
between (organic) P and nanoparticles using advanced technologies
(see Box 1). This would help to clarify the influence of nanoparti-
cles on the dynamics and bioavailability of P in soil-plant systems
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Box 6—Land Management

Priorities set for organic P in 2016:

e Design tailored systems for specific managed environments that
optimise use of organic P

e Optimise organic P utilisation over loss

e Improve soil P testing

e Develop a P credits system

o Utilise organic P more effectively by using what’s in soil, what’s
added to soil and what’s lost

Significant progress:

Land use and management has been linked to differences in organic
P quantity, species, and fractions. Increased exploration of the
microbial and land-management interface has occurred using new
techniques (see “Interaction with soil microorgansims” box). Some
specific land-uses, including agriculture, grassland, and forestry,
have been explored in more depth across varying ecosystems
around the world. Additionally, particular practices, such as liming
and tillage were examined. Use of new and improved methods
enhanced the quality and breadth of information related to land
management (see “analytical methodology” box)

Examples of key studies:

o Impact of inorganic and organic amendments on organic P in
agricultural soil—Abdala et al. (2020); Abdala et al. (2018), Boitt
et al. (2018), Chen et al. (2022), Koch et al. (2018), Lu et al. (2020),
Lucas et al. (2022), Luo et al. (2017), Poblete-Grant et al. (2020),
van der Bom et al. (2019)

e Long term land use or changing land use impact of P cycling—
Cade-Menun (2017), Gao et al. (2019), Luo et al. (2017), Maranguit
et al. (2017), Nunes et al. (2020), Touhami et al. (2022)

e Impact of liming on soil P cycling—Bouray et al. (2021), Bouray
et al. (2022), Simonsson et al. (2018)

e Land use impacts on organic P storage in different size fractions
and colloids of soil—Missong et al. (2016), Spohn (2020b)

o Accessing organic P in soil—Darch et al. (2016), Doydora et al.
(2020)

e Exploration of Po influence on P loss to surface water—Roswall
et al. (2021), Sharma et al. (2017)

o Influence of land use on P solubilizing microbes and AMF (see
“Interaction with soil microorgansims” box)

Potential Future Directions:

Edge-of-field studies that measure/speciate/fractionate organic P in
soil and runoff/drainage and correlate the measurements with land
management will lead to improved prediction and modeling of the
fate of organic P in soils. A greater understanding of microbial
communities and different impacts of the land management on
these communities, along with how the P cycling and potential for
crop availability and environmental losses are impacted by these
communities will be an important future direction

Box 7—Database

Priorities set for organic P in 2016:

o Use existing datasets

e Avoid repeating experiments by being aware of past research more
effectively

e Develop a minimum dataset and an accessible database

Significant progress:

In recent years, little effort has been made to collect and make
datasets available, except for a plant available phosphorus map at a
global scale—McDowell et al. (2023)

Potential future directions:

The expansion of global databases could be facilitated by compiling
various extraction methods, such as organic P content through the
ignition method and organic P in different Hedley fractions. Addi-
tionally, a database on speciation, such as >'P-NMR spectra, would
assist in the future identification of organic P forms in relation to
location and soil physico-chemical properties. This compilation
of data is likely to be strengthened in the coming years due to the
increasing emphasis on open-access and free data availability. How-
ever, we call for the community to be proactive to create database

Box 8—Modelling

Priorities set for organic P in 2016:

e Model P dynamics in the environment

e Develop conceptual models of cycling at a range of scales
o Build empirical models using existing data

o Produce a life cycle analysis of organic P

Significant progress:

Efforts have been made to understand P dynamics at various scales
using models. Models including P are relatively scarce and the
inclusion of organic P is still more rarely considered. Agricultural
systems models scale, such as the Agricultural Production Systems
sIMulator (APSIM), has a P component which has been tested in
more details

Examples of key studies:

e Agricultural systems models scale evaluation—Das et al. (2022)
and Raymond et al. (2021a)

o Global phosphorus cycle analysis—Nesme et al. (2018)

e Integration of various organic P pool to model historical terrestrial
C balance and showed to largerly improve the modelling perfor-
mance—Yang et al. (2023)

Potential future directions:

Modeling soil P dynamics remain challenging due to the lack of
long-term soil data on labile-P pools, making the implementation
of organic P dynamics even more difficult. Models such as APSIM
provide an overview of labile P pool dynamics, yet often exclude
detailed representations of organic P. In these models, the organic
P component is linked to the mineralization of SOM, but optimiz-
ing the models is hindered by insufficient observed data. Collecting
short-term and long-term data on organic P mineralization is crucial
for understanding these fluxes and improving model accuracy

Box 9—Research training

Priorities set for organic P in 2016:

o Better access to shared facilities

o Training programmes in organic P related techniques and concepts
o Interdisciplinary and long term research
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Significant progress:

From the presentations at OPW?2023 workshops, it seems that few
activities related to those priorities have

taken place, in part due to the occurrence of the Covid-19 pandemic.
Therefore, there is a lot yet

to be done with regards to training

Potential future directions:

Establishing international training and exchange programs can be a
potential way to promote access to

facilities between institutions. Researchers of institutions from about
ten European countries stress the

importance of developing a coordinated program to train a new gen-
eration of workers with a system

thinking mindset to enable transformative P resources management as
a way to address the global P

challenge (Reitzel et al. 2019). The authors also call for the formation
of networks across countries. The

establishment of such training networks/programs on P can poten-
tially be implemented by taking

advantage of existing networks such as the Global Soil Partnership
with regional and national partnerships

or European Joint Program Soil. Given the global nature of P
resource management challenge, we

must act globally across continents. We recommend that training
programs be organized to build capacity for young researchers via
which shared facilities can be accessed

Participants of OPW?2023 workshop also proposed establishment of
regional research hubs with a

common study site to facilitate interdisciplinary and long-term
research. Those hubs will facilitate and

speed up achievements of common research goals through interdisci-
plinary and transdisciplinary collaboration. In addition, the data to
be created are precious inputs for modelling work

Box 10—Research network

Priorities set for organic P in 2016:

o Promote discussion of organic P within the scientific community

e Better communication with stakeholders and the public on the
importance of organic P

e Develop a central platform for knowledge exchange

o Understand the needs and motivations of land managers and policy
makers with respect to organic P

e Emphasise educating the public in issues associated with organic P

e Understand the socio-economic factors influencing organic P
dynamics

e Improve the translation of research in organic P to impactful
outcomes

Significant progress and potential future directions:

OPW2023 and the next organic P workshop was/will be organized to
promote exchanges of knowledge

and open up research collaboration opportunities. Priorities in com-
munication and translation of research discussed in George et al.
(2018) stay important

We further propose the creation of a Organic P Society which could
have a mission of developing integrated datasets, promoting the
science of organic P with stakeholders and acting as hub for organic
P science (seminars, newsletters etc.)

@ Springer

4 New Priorities not Considered in 2016

While many topics from the 2016 OPW meeting continue to
be a priority, new topics were brought to the discussion such
as the impact of climate change on organic P, the impact of
geopolitical crises on P supplies and interests and the adop-
tion of more sustainable practices, including “regenerative
agriculture.”

4.1 Climate Change

Climate change was mentioned briefly in the previous meet-
ing and George et al. (2018) publication; however, it was
a central theme in the round table discussions of the 2023
OPW meeting. Researchers across the disciplines repre-
sented at the conference considered it as critical to future
research, but few researchers presented research with direct
link between P and climate change. Most of the work on
climate change focuses on C and N; P remains the “forgot-
ten” element. As an example. only 2,456 records of publica-
tions about soil P mention “climate change,” compared to
22,124 soil C publications, and 10,844 soil N publications,
according to a June 10, 2024 search of the Web of Science
Core Collection (Appendix 1). Exclusion of P in the climate
change conversation leads to an incomplete picture of the
impact, as both C storage and elements of N cycling will be
dependent on the availability of P in the soil. For example,
investigation of the impact of stoichiometry between forms
of C, N, P, and other elements in the soil have demonstrated
that increasing C storage may have negative impacts on P
availability (Celi et al. 2022; Spohn 2016; 2020b). There
is a documented increase in discussion of P related to cli-
mate change, with records increasing nearly every year
from 2000 to 2023 (Figure S1); however, only 46 records
return in total considering “organic phosphorus,” “soil,” and
“climate change” from the same Web of Science Core Col-
lection search. Of the 46 records through June 10, 2024,
approximately 87% of those have occurred in 2016 and after,
indicating that interest in this topic of organic P and cli-
mate change has grown substantially since the 2016 OPW
meeting. As a point of comparison, a search of “organic
nitrogen,” “soil,” and “climate change” returned 228 records,
again indicating a greater emphasis on N, while organic P is
less-studied. The impact of climate change on organic P will
not occur uniformly across systems, which leads to a need
for fine-scale research in biogeochemical cycling along with
ecosystem-level research. Two key examples of concerns
linked to global climate change will be (i) the availability
of organic P to plants in agricultural and natural systems
where more C will be stored, (ii) the potential for increased
eutrophication in systems with legacy P with the increase in
precipitation intensity. The dynamic nature of P presents a
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challenge in quantifying both availability to crops and poten-
tial for loss, as feedback loops and fluxes exist in organic P
and C pools, compounding uncertainty.

4.2 Disparities Towards the Implementation
of “Green Practices” and the Facility Access
Across the Globe

Associated to climate change concerns, the round tables
have also addressed the issues associated with disparities
in term of facility access and the implementation of “green
practices” across the world.

Disparities in accessing analytical equipment in sci-
entific research are pronounced across the world, signifi-
cantly impacting the quality and scope of scientific inquiry.
In developed countries, researchers may have access to
advanced, high-precision analytical tools (i.e. NMR, syn-
chrotron, mass-spectometers), which enable comprehensive
analysis. Conversely, researchers in developing countries
often face limitations due to inadequate funding, leading
to reliance on less sophisticated equipment. This disparity
hinders regional ability to conduct cutting-edge research and
participate equally in the global scientific community. Fur-
thermore, the lack of access to such equipments can limit the
understanding of local soil conditions, impeding agricultural
advancements and sustainable land management practices
crucial for addressing current and future environmental
challenges. Initiatives exist to foster collaborations at the
country level (e.g. DANIDA Fellowship Centre in Denmark
for developing research activities with partners in priority
countries and in growth and transition countries and USDA
National Institute of Food and Agriculture and Foreign Agri-
cultural Service programs in the United States) or at the
global scale with for example the UNESCO which support
the access to laboratory equipment to scientists from the
Global South (https://www.unesco.org/en/basic-sciences-
engineering/remote-access).

Another disparity raised during the discussions was the
place of P in the Green transition (e.g. the European Green
Deal) and the potential disparities across the globe. This
transition involves various sectors and encompasses a wide
range of activities aimed at reducing environmental impact,
promoting sustainable practices for more resource efficient
systems, and addressing climate change. The Green transi-
tion is therefore seen as essential for counteracting climate
change, preserving natural resources, and ensuring a sustain-
able future for coming generations. Phosphorus is highly
affected when it comes to its exploitation and use. One piv-
otal action is the recovery of P from biowastes, producing
new biobased fertilizers that can be safely and efficiently
used in soil for a better circularity of agrosystems (Alva-
rez Salas et al. 2024; Chojnacka et al. 2020). These recy-
cled fertilizers are complex products that contain variable

concentrations of both inorganic and organic P, but also C
and N that can affect P cycling. Obtaining a fertilizer prod-
uct from biowaste that is efficient, has the desired nutrient
content, is safe and practical to use, and free of contaminants
is challenging. For example, wastewater products are often
rich in P and are often stated as an alternative P source.
Wastewater treatment plants are required to clean water to
safe standards and generate solid waste as a byproduct with-
out the specific goal to create fertilizer products, in most
cases. Further processing of sewage sludge, such as the
precipitation of heavy metals or conversion into struvite,
involves processes that are expensive difficult to implement,
even in developed countries (Pradel and Aissani 2019). For
developed countries (which can afford mineral P and the
recycling of biowaste), the shift towards “green practices”
(e.g., nutrient recycling from waste-streams, organic farm-
ing) and “biological approaches” (e.g., use of microorgan-
isms to increase plant nutrient uptake) for a more sustainable
agriculture is possible and currently implemented through
governmental policies. This aims to decrease the application
of mineral phosphate fertilizers and its accumulation. While
this can be coordinated and implemented in developed coun-
tries where P rarely limits food production, in developing
countries the adoption of efficient and safe green farming
practices that meet crop P requirements can be challenging
due to a combination of economic, social, and infrastructural
factors. Farmers in developing countries often operate on
very tight budgets and may prioritize immediate needs over
long-term soil health. Investing in P fertilizers can be seen
as a risk when immediate returns are uncertain. In this con-
text, P often limits crop productivity with many agricultural
soils being already P-depleted. The access to affordable P
fertilizers can prevent these countries from using adequate
amounts and alternative source of P (e.g. using biowaste)
to maintain soil fertility and achieve optimal crop yields to
feed the population. The access of P fertilizer to sustain crop
production for livelihood is often more a priority than tran-
sitioning towards green practices. Additionally, the lack of
supportive policies and regulations for sustainable P man-
agement can exacerbate the issues.

4.3 Spatial Accounting of Organic Phosphorus

Participants of OPW 2023 also echoed the need for increased
spatial accounting of organic P and creation of a map that
represents the global distribution of P in soils. MacDon-
ald et al. (2011) created a global map of P resources based
on estimated agricultural inputs and outputs using various
national and regional data or estimation tools. While this
is a useful way to predict P flows and accumulation on a
global scale, more refined information specific to organic P
is necessary to predict how climate change will impact P in
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the soil. Historic organic P accumulation from past P man-
agement is not well-documented spatially; however, organic
P is well-correlated with land-use and organic C content of
soils (Stutter et al. 2015). Using soil testing data and infor-
mation about land use and historical management, organic
P can be spatially modeled by considering these parameters.
For example, the average percentage of P in soil organic
matter and the percentage of soil organic matter in different
soil types could help build a database on organic P stocks.
Additionally, some characteristics of parent material and soil
formation may assist in prediction of organic P storage (Wer-
ner et al. 2017). Recently, McDowell et al. (2023) developed
a global database of soil “plant available” P using available
data and converting all to the Olsen-P equivalent. A global
database of Hedley fractionation results was also published
relating to natural systems (Hou et al. 2018). Such databases
could be built upon or others newly developed considering
additional separation of organic P and quantifying risk of
loss to surface water along with potential crop availability.
Proper spatial accounting of P, including differentiation of P
and organic P, would lead to better allocation of resources to
address issues associated with planetary boundaries.

5 How to Move Forward?

The OPW 2023 highlighted significant progress on topics
identified in 2016 and set new priorities for the near future.
Addressing these issues requires a coordinated effort involv-
ing the research community, government policies, interna-
tional cooperation, and development. Solutions may include
promoting sustainable agricultural practices, investing in soil
health, and enhancing education and extension services to
support efficient and environmentally friendly P use.

One major priority identified by participants is the
integration of climate change into organic P research. To
address climate change impacts at a fine scale, it is essential
to understand the interactions between chemical and micro-
bial transformations of soil P. This can be studied through
controlled experiments simulating expected climate change
impacts, such as increased temperature, extreme precipita-
tion, drought events, elevated atmospheric CO,, and condi-
tions of increased flooding and saltwater intrusion (IPCC
2023). Additionally, the interactions of P with C and N
should be further explored. Advanced techniques, includ-
ing *'P-NMR, XAS, XANES, EXAFS, LC-MS/MS, and
advanced genetics and molecular techniques, have been
developed and refined to address these questions (Boxes).
While these advanced techniques provide valuable data on
organic P, researchers must consider the limited accessibility
to these methods. Traditional and updated chemical meth-
ods, such as chemical extractions and fractionations, remain

@ Springer

highly useful and accessible. The establishment of a global
infrastructure network to give access to advanced techniques
may be a future opportunity to give access to advanced tech-
niques to more scientists. The utility of these methods may
also be enhanced when correlated with advanced modelling
techniques, potentially through the application of artificial
intelligence (AI) and machine learning in the future.

To address climate change impacts at the ecosystem level,
changes in soil organic P status at the field scale due to land
management and microbial-plant-fauna interactions must be
assessed. Accurate sampling techniques and strategies are
critical to measure these changes meaningfully. Field meas-
urements of organic and inorganic P pools, along with other
field conditions, should be correlated with edge-of-field P
losses. Soil heterogeneity presents challenges in sampling
and measuring P, particularly accounting for the impact of
microbial communities and complex interactions within soil
aggregates and organic matrices (Hall et al. 2024; Kardan-
pour et al. 2015; Werner et al. 2017). This may present an
opportunity for Al and machine learning to aid in predicting
P transformations and losses. Scaling up fine-scale observa-
tions is possible but modeling is challenging due to the many
interactions at the ecosystem level compared to the relative
isolation at the fine scale.

To maintain momentum in organic P research, we pro-
pose several actions: 1) Continuing organizing workshops on
organic P, with the next workshop in 2026 hosted by Agri-
food Canada. 2) Formalizing the activities of the organic P
research community; this could be achieved by developing
a Society for the field (Box 9) or most ideally establishing
an Organic P working group within existing societies such
as European Geosciences Union, taking advantage of avail-
able resources and facilitating exchange between Organic P
community and other communities. 3) Establishing a web-
page for organic P research to update research activities,
sharing data, and increasing visibility within the scientific
community. The establishment of a website for the organic
P research community could be foster by seeking sponsor-
ship from organizations like the United Nations Environ-
ment Program, FAO, or World Food Program. However,
the maintenance of such a website over the long-term can
be challenging due to financial constraints, as evidenced by
the deactivation of the 'Soil Phosphorus Forum' (www.soilp
forum.com). Social media can serve as an alternative plat-
form for data and information sharing. 4) Organizing regu-
lar, possibly virtual, seminars to present and update research
is crucial, especially for young researchers. 5) Addressing
the funding gap for P research compared to C and N research
is essential. Raising public, policy and stakeholder aware-
ness, particularly among potential funding donors, about
the importance of organic P research is crucial. Research-
ers often report total soil C and N because they are easier
to measure, but increasing the inclusion of P, particularly
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organic P, in research and datasets is a priority. 6) Advocate
and implement collaborations between C, N, and P research
communities through joint proposal development. 7) Estab-
lish organic P research networks or hubs, either geographi-
cally or technique-based (e.g., NMR, LC-MS), to promote
research exchange and train future organic P scientists
internationally. Overall, the implementation of these action
points requires identifying voluntary lead and supporting
persons/organizations to coordinate these activities; and this
can be achieved by the development of an Organic P society.

6 Impact Statement

Phosphorus is a critical element for human and environmen-
tal health. This paper highlights the importance of organic
P, specifically, considering the future increased demands of
climate change and population growth leading to increased
P demand. Much work has been done in recent years con-
sidering P cycling, stoichiometry with N and C, impact of
microbial communities, and contribution of organic P to P
losses. Phosphorus, however, is still the “forgotten element”
in climate change conversations dominated by C and N and
understanding its role is critical to the success of climate
mitigation strategies involving C accumulation in soils and
reducing losses of N to the atmosphere.
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