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A B S T R A C T

Redox fluctuations in submerged paddy soils strongly influence the transformation and availability of inorganic 
(Pi) and organic phosphorus (Po) forms. However, the extent to which these redox-driven processes affect Pi and 
Po pools and speciation, and their contribution to phosphorus (P) availability for rice, remains poorly understood.

This study examined Pi and Po dynamics in twelve paddy soils with different total P (TP) content, classified as 
high-P (>800 mg P kg− 1), medium-P (500–800 mg P kg− 1), and low-P (<500 mg P kg− 1). Soils were analysed 
before and after 60 days of rice growth using sequential P fractionation, liquid-state 31P nuclear magnetic 
resonance (31P NMR) spectroscopy, and phosphomonoesterase activity assays to assess P pools (soluble, 
exchangeable, redox-sensitive, and residual), organic P composition, and enzymatic hydrolysis potential.

Redox-sensitive Pi and Po were the dominant pools across all soils, accounting for ~50 % and ~18 % of total P, 
respectively. Soluble and exchangeable P pools remained minor. Concentrations of Pi and Po were highest in 
high-P soils and lowest in low-P soils. In high-P soils, orthophosphate monoesters dominated and remained quite 
stable during plant growth, likely due to selective accumulation of inositol phosphates under repeated Fe redox 
cycles. In contrast, orthophosphate diesters in medium- and low-P soils represented the most labile component of 
Po and were rapidly hydrolyzed during rice growth to alleviate P limitation.

These findings highlight how TP content modulates the contribution of Pi and Po pools to rice nutrition, 
emphasizing the need to account for Po dynamics when evaluating P availability in paddy systems under fluc
tuating redox conditions.

1. Introduction

Phosphorus (P) is an essential element for plants; however, owing to 
its strong affinity with soil constituents, phosphate is considered the 
most inaccessible nutrient for plant uptake in the majority of agricul
tural soils (Frossard et al., 2000). Combining that with the increasing 
demand of agricultural production, P has received increasing attention 
in the past decade over the long-term availability of rock phosphate, a 
nonrenewable resource used to produce chemical P fertilizers. This has 
shifted focus from fertilizer P to soil “legacy P” (Zhu et al., 2018), the 

supply of previously applied P fertilizer that has accumulated in the soil, 
and which is not immediately available for plant uptake (Solangi et al., 
2023). Legacy P has mostly referred to phosphate, whereas less attention 
has been posed to the total soil P content, which in turn is characterized 
by various inorganic (Pi) and organic (Po) P compounds. The former are 
mostly represented by phosphate (HPO4

2- or H2PO4
- at typical soil pH 

ranges), while the latter are divided into the compound classes ortho
phosphate monoesters, orthophosphate diesters, and phosphonates, 
based on the bond of phosphate to carbon (C) groups. Orthophosphate 
monoesters include sugar phosphates (i.e. glucose 6-phosphate), 
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mononucleotides, and inositol phosphates, while the orthophosphate 
diesters include nucleic acids (DNA, RNA), phospholipids, and lip
oteichoic acid. The phosphonate group, with a direct C-P bond, includes 
natural and manufactured compounds in soils, such as some antibiotics 
and the herbicide glyphosate (Cade-Menun and Liu, 2014; Cade-Menun, 
2015).

Among soil constituents, iron (Fe) (hydr)oxides represent the most 
reactive surfaces with respect to the cycling of P compounds, particu
larly under fluctuating redox conditions such as those in paddy soils 
(Kögel-Knabner et al., 2010; Marschner, 2021). Indeed, rice is cultivated 
under flooded conditions for most of the cropping season, but soil aer
obic conditions are periodically established during the season due to 
agronomic practices. Furthermore, rice roots are a well-known oxygen 
diffusion medium leading to the establishment of aerobic conditions, 
and the important implications of the redox gradient in rice rhizosphere 
over P availability have been recently pointed out (Martinengo et al. 
2023; Martinengo et al., 2024). Notwithstanding the current knowledge 
in terms of P cycling under reducing conditions (Zhang et al. 2025), 
more careful evaluations are required to understand the effects of redox 
fluctuations during the rice growing cycle. Indeed, phosphate is strongly 
retained by redox-sensitive surfaces, but will be released when Fe (hydr) 
oxides experience reductive dissolution after soil flooding (Martinengo 
et al., 2023; Ponnamperuma, 1972; Scalenghe et al., 2002). This process 
has been widely linked to increased phosphate bioavailability in flooded 
soils (Wang et al., 2022a, b). Nevertheless, in a previous work we 
observed that the protraction of reducing conditions resulted in lower P 
uptake by rice plants (Martinengo et al. 2023). Consistent with the re
sults of Zhang et al. (2003) and Santoro et al. (2019), we concluded that 
the released phosphate can be re-adsorbed or co-precipitated with 
aqueous Fe(II), thus decreasing the availability of the nutrient more than 
what was previously expected for flooded paddy soils. Similar to phos
phate, many Po compounds also may be retained during Fe(II) oxidative 
precipitation within the newly formed structures. This can occur 
through various mechanisms, including adsorption, precipitation and 
physical entrapment; the extent and kinetics of these mechanisms will 
depend on the specific Po compound (Santoro et al., 2019; Wang et al., 
2017). For example, phospholipids are retained during co-precipitation 
onto the coprecipitate surface only through weak physical interactions 
with limited protection, whereas inositol phosphates are rapidly and 
chemically adsorbed and/or precipitated, creating more stabilized, 
occluded coprecipitates (Celi et al., 2022; Santoro et al., 2019). Similarly 
to Fe-Pi co-precipitates, Fe-Po co-precipitates also might be dissolved by 
the onset of reducing conditions (Kraal et al., 2019; Wang et al., 2017); 
however, the extent by which the mechanisms of Po retention and/or 
release under reducing conditions might contribute to P availability in 
flooded paddy soils has been scarcely investigated.

Aside from abiotic stabilization processes, a further driver of Po 
speciation in soil is represented by the activities of plants and soil mi
crobes to acquire P from sparingly available pools. Recent investigations 
demonstrated that under P-limiting conditions the competition between 
rice roots and soil microbes can shift microbial P use toward the 
acquisition of P from organic sources by the hydrolysis of organic P 
compounds such as phospholipids, released from plant residues during 
decomposition (Wang et al., 2024). This means that the interplay be
tween redox-driven co-precipitation and plant strategies to acquire P 
could on one hand increase the bioavailable P pool, but on the other 
hand cause a selective enrichment of specific Po compounds in soil based 
on their affinity for the mineral phase (Celi et al., 2020; Prietzel et al., 
2016; Santoro et al., 2023) and on the protection offered by these as
sociations versus enzymatic hydrolysis (Giaveno et al., 2010, Giaveno 
et al., 2008). Considering that both plant and microbial activities for P 
acquisition are directly related to total soil P content (Richardson et al., 
2009; Rose et al., 2013), the selective enrichment of Po compounds can 
alter P speciation as a function of soil total P (TP) content. However, 
scant attention has been given to the effects of redox processes on Po 
speciation and dynamics in paddy soils and their contribution to the P 

pool available for rice plants.
Based on these considerations we hypothesized that i) the quantity 

and forms of Pi and Po compounds in paddy soils vary as a function of TP 
content; and ii) the composition of soil Pi and Po species is driven by both 
redox-driven processes and the needs of rice plants. Thus, the objective 
of this study was to determine the speciation of P compounds and the 
mechanisms driving changes in speciation before and after rice culti
vation, in a set of paddy soils differing in TP content.

2. Materials and methods

2.1. Experimental mesocosm setup and soil sampling

The soil samples analyzed in this study were collected from the 
mesocosm experiment described by Martinengo et al. (2023). Briefly, a 
set of 100 paddy topsoils was randomly collected from different sites to 
represent the rice cropping area of Lombardy (NW Italy) in the Po River 
plains. Most soils fell in the reference soil group of Luvisols and Cam
bisols, according to WRB classification (IUSS Working Group WRB, 
2022). The GIS coordinates and detailed soil classification are reported 
in Martinengo et al. (2023). The soils were grouped according to their TP 
content into those with TP greater than 800 mg kg− 1 (high-P soils), 
between 500 and 800 mg kg− 1 (medium-P soils), and lower than 500 mg 
kg− 1 (low-P soils). Within each group, two soils with pH higher than 6 
and two soils with pH lower than 6 were selected and further charac
terized by a sand content below and above 50 % for each pH group. A 
total of 12 soils (Table 1) were thus chosen according to the grouping, 
and were used to grow rice (Martinengo et al., 2023).

Four mesocosms for each soil (biological replicates) were filled with 
2.5 kg of fresh soil and then flooded by maintaining 5 cm of water above 
the soil surface. The Eh was measured potentiometrically to confirm the 
establishment of soil-reducing conditions (i.e., oxidation–reduction po
tential, ORP < − 200 mV in all the soils). Seeds of the rice cultivar Selenio 
were pre-germinated for 3 days at 25 ◦C in the dark and transferred to 
the mesocosms after germination. Rice plants were then grown for 60 
days under continuous flooding. Soils samples were collected before 
(Pre) and after (Post) rice growth. Samples were air-dried to mimic 

Table 1 
Physico-chemical properties of the twelve paddy soils selected in this study, 
including pH, sand content, total organic carbon (TOC), oxalate-extractable iron 
(Feox), total phosphorus (TP), and 0.5 M NaHCO3-extractable-P (Olsen P). Soils 
were divided into three groups based on their total P content; data are from 
Martinengo et al. (2023).

Soil ID pH Sand 
g kg− 1

Organic 
C 
g kg− 1

Feox 

g kg− 1
TP 
mg 
kg− 1

Olsen P 
mg kg− 1

High-P ​ ​ ​ ​ ​ ​
HP a 6.1 770 13 1.47 893 60.1
HP b 5.8 250 20 6.53 899 59.7
HP c 5.7 780 9 0.62 877 39.3
HP d 5.9 570 10 4.70 810 50.4
High P mean ±

std.dev
5.9 ±
0.1

592 ±
214

13 ± 4 3.3 ±
2.39

869 ±
35.4

52.4 ±
5.07

Medium-P ​ ​ ​ ​ ​ ​
MP a 6.4 840 10 0.74 549 21.8
MP b 6.9 420 10 3.34 512 15.9
MP c 7.9 290 10 3.41 541 40.2
MP d 6.6 620 6 0.53 534 15.8
Medium P 

mean ± std. 
dev

6.9 ±
0.5

543 ±
208

9 ± 1.7 2.05 ±
1.37

534 ±
13.7

23.4 ±
2.37

Low-P ​ ​ ​ ​ ​ ​
LP a 6.5 440 12 5.63 420 12.7
LP b 6.5 550 14 3.33 414 11.4
LP c 5.6 330 12 4.10 377 14.4
LP d 5.7 510 10 2.06 287 12.1
Low P mean ±

std.dev
6.1 ±
0.43

476 ±
83.5

12 ±
1.41

3.78 ±
1.29

374 ±
53.1

12.6 ±
1.02
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aerobic conditions occurring at the end of the rice growth cycle in the 
fields, sieved (<2 mm), and subjected to different analyses.

2.2. Soil P fractionation

Soil P pools were characterized in all 48 soil samples by sequential 
chemical fractionation as follows: a) soluble P [soluble-P; 0.1 M CaCl2, 1 
h reaction time for soluble P (Soltanpour et al., 1974)]; b) exchangeable 
P [exchange-P; anion exchange resins, 2 h contact time for desorbable P 
(Saggar et al., 1990)], representing the plant-available P pool; c) redox- 
sensitive P [Fe-P; acid ammonium oxalate, 2 h reaction time for P bound 
to amorphous Fe (hydro)oxides (Schwertmann, 1964)]. Although 
manganese (Mn) is also involved in redox reactions, the redox-sensitive 
P pool was entirely attributed to Fe, as Mn (hydr)oxides are mainly 
negatively charged in the pH range of the studied soils and do not 
contribute to P retention (Sposito, 2008). Residual P was calculated as 
the difference between TP determined by sulphuric-perchloric digestion 
and Fe-P. However, residual P may include both occluded Pi and Po 
compounds not solubilized by the former extraction procedure (Olsen 
and Sommers, 1982), making it difficult to attribute residual P to Pi or Po 
fractions. For this reason, residual P was not reported in the Results and 
Discussion sections.

In all extracts, molybdate-reactive phosphate (MRP) and molybdate- 
unreactive phosphate (MUP) were quantified. The MRP was determined 
colorimetrically (Murphy and Riley, 1962). Aliquots of the extracts were 
then dried at 105 ◦C, treated with concentrate sulphuric and perchloric 
acid and analyzed colorimetrically to determine the total extracted P 
content (Martin et al., 1999). Sulphuric and perchloric acid digestion 
may underestimate the Po concentration in samples that contain inositol 
phosphate, due to incomplete digestion of this compound; for these soils, 
complete digestion was confirmed using myo-inositol hexakisphosphate 
(myo-Ins6P) as a standard. The MUP concentration was the difference 
between total extracted P and extract MRP concentrations. The MUP 
fraction includes mainly Po along with some inorganic P forms that do 
not react with molybdate (Cade-Menun and Liu, 2014). For this study, 
we assumed that the MUP pool corresponded mainly to Po forms. 
Therefore, we will hereafter refer to MRP and MUP in these extracts as Pi 
and Po, respectively.

The values of Pi and Po determined in each P pool before and after 
rice growth were used to calculate the percentage variation (Δ%) in the 
specific pool, following the equation: 

Δ% =
PPost − PPre

PPre
× 100 

where PPre and PPost were the concentrations of P extracted in each P pool 
before and after rice growth, respectively.

The Pi and Po concentrations obtained for each soil were averaged by 
soil P level, and the average concentratons for each soil P level were 
tested for statistically significant differences (α = 0.05) by two-way 
ANOVA (i.e. soil P level and sampling time) followed by pair-wise 
post hoc analysis (Student-Newman-Keuls test). In a similar manner, 
the average values of Δ% for each P pool were tested for statistically 
significant differences (α = 0.05) by one-way ANOVA (i.e., soil P level), 
followed by the same post hoc analysis. The statistical analyses were 
performed using the R version 4.1.1 (R Core Team, 2021). Normality 
and data homoscedasticity were checked with the Shapiro–Wilk and 
Levene tests, respectively. When necessary, data were transformed ac
cording to the data distribution by using the R function box.cox (R 
package “car”).

2.3. Liquid-state 31P NMR spectroscopy

Following the method of Cade-Menun and Preston (1996), 1 g of 
each soil (n = 48) was shaken overnight with 10 mL of 0.25 M NaOH and 
50 mM EDTA (NaOH-EDTA). After centrifugation, the Pi and Po 

concentrations in the extracts were determined as described above, 
using myo-Ins6P as a standard, and to test potential precipitation of 
humic-Fe complexes (Turner, 2008). The concentrations of Fe and Mn 
were determined by atomic absorption spectroscopy (AAS, PerkinElmer 
AAnalyst 400, Norwalk, CT, USA). The values of Pi, Po, Fe and Mn ob
tained for each soil were averaged by soil P level, and the average values 
were tested for statistically significant differences (α = 0.05) by two-way 
ANOVA (i.e. soil P level and sampling time) followed by pair-wise post 
hoc analysis as previously described.

The Pi and Po concentrations in each extract were used to select one 
soil for each P level Pre and Post microcosm incubation (n = 6) to be 
analyzed by 31P nuclear magnetic resonance spectroscopy (P-NMR). The 
solutions were freeze-dried and then resuspended in a 0.9 ml 1.0 M 
NaOH and 50 mM Na2-EDTA solution and 0.1 ml deuterium oxide 
(Turner, 2008). Samples were analyzed on a JEOL ECZR 600 MHz in
strument (1HνLarmor = 600.23 MHz; 31P νLarmor = 242.95 MHz), using a 
6 µs pulse (45◦), a delay time of 2.0 s, an acquisition time of 0.4 s, and 
broadband proton decoupling (Turner, 2008). This delay time (2.4 s) 
was adequate for these soil extracts, based on the ratio of the concen
trations of P to Fe plus Mn in each extract (Cade-Menun and Liu, 2014). 
Approximately 25,000 scans were acquired for each sample. Peak areas 
were calculated manually after integrating spectra processed with 7 Hz 
and 2 Hz line broadening using NUTS software (Acorn NMR, 2011 
version). Methylene diphosphonic acid (MDPA) was added as a chemical 
shift reference. Peak identifications were made using a combination of 
visual inspection and automated peak picking and line fitting, and were 
assigned to P compounds based on the literature (Turner et al., 2012; 
Cade-Menun, 2015). Peak areas were converted to soil P concentrations 
(mg kg− 1) by multiplying the area of each peak by the total NaOH-EDTA 
P concentration for each sample. The results were corrected for ortho
phosphate diester degradation products by subtracting α- and β-glycer
ophosphate and the mononucleotides from the total orthophosphate 
monoester area and adding them to the total orthophosphate diester 
area (Chen et al., 2021).

2.4. Soil phosphatase activity

Potential phosphomoesterase activity was assayed at two pH ranges 
(Eivazi and Tabatabai. 1977) using air-dried soil samples, to give ac
tivities of alkaline phosphomonoesterase (Alk-PME) and acid phospho
monoesterase (Ac-PME). Although the determination on air-dried soil 
samples could significantly affect the absolute value of the enzymatic 
activity (Lane et al., 2022), this approach could be considered accept
able when treatment comparisons are the objective of the study and all 
samples have been subjected to the same storage conditions (Peoples 
and Koide, 2012). In brief, Alk-PME and Ac-PME were assayed with a 
modified universal buffer at pH 11.0 and 6.5, respectively, using p- 
nitrophenyl phosphate (pNP) as substrate for the enzymatic reaction. 
The released p-nitrophenol (pN) was measured spectrophotometrically 
at 400 nm and the activities were expressed as mg pN kg− 1 dry soil h− 1. 
The specific enzymatic activity is generally calculated as the ratio be
tween enzyme activity and soil total organic C or microbial C content 
(Raiesi and Beheshti, 2014; Trasar-Cepeda et al., 2008). However, 
considering that Po compounds are the target substrates for Ac-PME and 
Alk-PME, and plant and/or microbial enzymatic activity has been 
related to the soil P content (Rose et al., 2013; Wang et al., 2024), for this 
study, the specific enzymatic activity was calculated as the ratio be
tween Ac-PME and Alk-PME activity and the values of soil total Po, 
considering that inositol phosphatases (i.e., phytases) can act on pNP- 
phosphate substrate (Zhu et al., 2013). The values of Ac-PME and Alk- 
PME obtained for each soil were averaged by soil P level, and the 
average values for each enzyme were tested for statistically significant 
differences (p < 0.050) by two-way ANOVA (i.e. soil P level and sam
pling time) as previously described.
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3. Results

3.1. Soil P fractions

Fig. 1 shows the distribution of Pi and Po concentrations in the 
operationally-defined P pools and their variations with rice growth. 
Statistically significant variations in Pi concentrations were observed for 
the interaction between soil P level and sampling time (p < 0.05). In all 
cases, the predominant Pi pool was Fe-Pi, followed by exchange-Pi ≫ 
soluble-Pi. Although the soluble-Pi concentrations were significantly 
lower than the other Pi pools, a variable amount of soluble-Pi was 
measured in all soils (high-P = 4.50 mg kg− 1, medium-P = 0.59 mg kg− 1, 
low-P = 0.32 mg kg− 1). In almost all Pi pools the highest concentrations 
were observed for the high-P soil group and in the soils collected before 
rice growth, albeit some differences were observed according to soil P 
level. In particular, in medium-P and low-P soils concentrations of Fe-Pi 
were higher after 60 days of rice growth compared to soils before rice 
growth. The percentage variation of Pi in each operationally-defined 
pool was statistically affected by the interaction between soil P level 
and sampling time (p < 0.01, Fig. 1). The greatest variations were 
observed for soluble-Pi and exchange-Pi pools, particularly in high-P 
soils, where both pools were more than halved after rice growth. 
Conversely, rice growth resulted in a slight increase in soluble-Pi and 
only a small modification of exchange-Pi in medium-P and low-P soils. 
This trend was also observed for Fe-Pi and was particularly marked in 
low-P soils where the Fe-Pi doubled after rice cultivation.

Organic P concentrations were generally lower than Pi concentra
tions, but also in this case the highest concentrations for most Po pools 

were observed in high-P soils, while smaller differences were found in 
medium-P and low-P soils (Fig. 1). In all cases, the predominant Po pool 
was Fe-Po, followed by exchange-Po, and soluble-Po, albeit the differ
ences among soil Po pools were less pronounced compared to those 
presented for Pi. The percentage variation of each Po pool during rice 
growth mostly resembled the variation of Pi pools (Fig. 1), albeit with 
more pronounced differences for soluble-Po and exchange-Po. The 
former showed an opposite trend compared to what described for sol
uble-Pi, as in this case the greatest depletions were measured in medium- 
P and low-P soils respectively. Exchangeable-Po generally decreased in 
all soil groups, while Fe-Po showed a slight increase in high-P soils and a 
sharp decrease in medium- and low-P soils.

3.2. Phosphorus forms identified by 31P NMR spectroscopy

There was a significant (p < 0.05) interaction of soil P level and 
sampling time for the concentrations of NaOH-EDTA extractable-Pi 
when all soils were extracted (Table 2). The highest NaOH-EDTA Pi 
concentrations were measured in high-P soils before rice growth fol
lowed by Post high-P and medium-P, as well as Pre medium-P soils. The 
low-P soils had the lowest Pi concentrations in the NaOH-EDTA extracts, 
with no significant differences with sampling time. The NaOH-EDTA 
extractable-Po concentrations were not significantly different with soil 
P level or sampling time, and averaged 42.0 mg kg− 1, which was less 
than 10 % of the soil TP (Table 2). The NaOH-EDTA-extractable Fe 
(FeNE) concentrations did not show a significant interaction of P lev
el*time; in soils with different P levels (averaging dates together for each 
P level), high-P soils had significantly (p < 0.05) greater FeNE (122 mg 

Fig. 1. Distribution of inorganic P (Pi) and organic P (Po) concentrations in the operationally-defined pools determined during sequential fractionation [sol-P (0.1 M 
CaCl2), exchange-P (anion exchange resins), and Fe-P (acid ammonium oxalate)] and their percentage variation in high-P, medium-P and low-P soils before (Pre) and 
after (Post) 60 days of rice growth under continuously flooded conditions. Upper-case letters represent statistically significant differences for the interaction P 
level*sampling time in the same P pool (p-value < 0.05), smaller-case letters represent statistically significant differences for the interaction soil P level*P pool (p- 
value < 0.01). For the sake of graph readability, error bars were not included in the figures.
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kg− 1), than both medium-P (67.3 mg kg− 1) and low-P (71.3 mg kg− 1) 
soils, which were not significantly different from each other. And overall 
(averaging all P levels together), FeNE concentrations were significantly 
greater in Post soils (97.0 mg kg− 1) than Pre soils (77.0 mg kg− 1; p <

0.01). Concentrations of Mn in NaOH-EDTA extracts were not signifi
cantly different with time or among soil P groups, resulting in an average 
Mn concentration of 49.4 mg kg− 1.

The NaOH-EDTA-extractable P concentrations of the soils selected 
for 31P-NMR (Table 3) were generally within the averages for the entire 
soil set (Table 2). Extraction with NaOH-EDTA recovered 42–74 % of 
soil TP, with a greater percentage of TP extracted from high-P soils (74 
%), compared to medium-P (45 %) and low-P (42 %) soils. In the 31P- 
NMR spectra, the chemical shifts for orthophosphate and MDPA were 
6.00 ± 0.00 ppm and 17.26 ± 0.00 ppm, respectively (Figs. 2A, 2B). 
Orthophosphate represented 55.6–85.1 % of extracted P, and ortho
phosphate concentrations were highest in the high-P samples (Table 3). 
Other detected Pi compounds were pyrophosphate (− 4.25 ppm) and 
various polyphosphate peaks (e.g., − 4.25, − 5.89, − 7.60, − 9.76, and 
− 10.41 ppm), with no clear differences among soils for the presence of 
peaks in this region. Note that these and other chemical shifts reported 
for this study are means of chemical shifts of peaks in at least four of the 
six soil samples; the standard deviations of these means are ± 0.05 ppm 
or less and so will not be reported. For these samples, the polyphosphate 
region was from − 4.25 to − 12 ppm, rather than to − 25 ppm as is often 
used. However, there was no evidence of signal aliasing to suggest that a 
larger spectral window should have been used for these samples, and 
peaks in this region were less than 5 mg kg− 1 extracted P for all samples.

Organic P compound classes in spectra were grouped into phos
phonates (21.0 to 7.5 ppm), orthophosphate monoesters (7.5 to 6.1 ppm 
and 2.9 to 2.4 ppm), and orthophosphate diesters (2.5 to − 4 ppm; 
Fig. 2). Total organic P determined from the 31P-NMR spectra was 43.3 
to 13.9 % of extracted P (Table 3), which is higher than was determined 
by digestion and colorimetry (Table 2). Peaks for unidentified phos
phonate compounds were detected at 25.88, 23.81, 22.16, 21.28, 19.37, 
17.55, 17.07, 16.83, 16.24, and 10.25 ppm, with no clear trends among 

Table 2 
Mean concentrations (and relative standard errors) of inorganic P (Pi) and 
organic P (Po) in the 0.25 M NaOH – 50 mM EDTA extracts of the twelve soils 
before (Pre) and after (Post) 60 days of rice growth under continuous flooding. 
Values in the table represent the average of four independent replicates for each 
of the four soil in the same P level designated as high-P, medium-P and low-P 
soils prior to the start of the experiment (n = 16).

Soil P 
level

Time TP Pi
a Po

b

mg 
kg− 1

(% 
TP)

mg kg− 1 (% 
TP)

mg 
kg− 1

(% 
TP)

High-P Pre 518 ±
59.0

59 ±
6.5

477 ±
40.2a

65 ±
4.5

41.6 ±
8.5

4.7 ±
0.9

​ Post 411 ±
80.0

57 ±
8.2

342 ±
46.1b

61 ±
5.2

69.6 ±
7.2

8.0 ±
0.7

Medium- 
P

Pre 318 ±
11.7

56 ±
2.6

276 ±
20.9c

51 ±
4.9

41.4 ±
2.3

7.8 ±
0.3

​ Post 377 ±
10.3

41 ±
2.5

345 ±
21.4b

64 ±
5.0

32.0 ±
1.8

6.0 ±
0.3

Low-P Pre 160 ±
10.5

55 ±
2.2

127 ±
6.12d

46 ±
1.3

33.5 ±
4.1

8.6 ±
0.7

​ Post 160 ±
16.1

55 ±
1.7

126 ±
5.83 d

46 ±
1.1

33.8 ±
6.6

9.0 ±
1.1

p-value Soil P level ​ ​ <0.01 n.s
p-value Sampling 

time
​ ​ n.s n.s

p-value P level*time ​ ​ < 0.05 n.s

a Determined colorimetrically (molybdate-reactive P).
b Determined as the difference between colorimetric P concentration after 

digestion and Pi (molybdate-unreactive P).

Table 3 
Phosphorus compounds determined by NaOH-EDTA extraction and solution 31P NMR spectroscopy in the high-P, medium-P and low P-soils, before (Pre) and after 
(Post) 60 days of rice cultivation under continuous flooding conditions. Values are mg P kg-1 soil (percentage extracted P), with the exception of NaOH-EDTA P, for 
which values are mg P kg-1 soil (percentage soil total P (TP)).

High-P Medium-P Low-P

Pre Post Pre Post Pre Post

NaOH-EDTA P (% TP) 606 (67) 665 (74) 216 (42) 232 (45) 158 (42) 174 (46)
Inorganic P compounds 435.7 (71.9) 484.1 (72.8) 142.6 (66.0) 177.5 (76.5) 89.6 (56.7) 149.8 (86.1)
Orthophosphate 431.5 (71.2) 479.5 (72.1) 139.1 (64.4) 175.6 (75.7) 88.3 (55.9) 148.2 (85.2)
Pyro+polyphosphatesa 4.2 (0.7) 4.7 (0.7) 3.5 (1.6) 1.9 (0.8) 1.3 (0.8) 1.6 (0.9)
Organic P compoundsb 170.3 (28.1) 180.9 (27.2) 73.4 (34.0) 54.5 (23.5) 68.4 (43.3) 24.2 (13.9)
Phosphonates 22.4 (3.7) 24.6 (3.7) 8.4 (3.9) 5.6 (2.4) 4.0 (2.5) 4.5 (2.6)
Orthophosphate monoestersc 117.0 (19.3) 121.0 (18.2) 29.8 (13.8) 35.7 (15.4) 25.0 (15.8) 11.7 

(6.7)
myo-Ins6P 23.6 (3.9) 18.0 (2.7) 6.0 (2.8) 4.6 (2.0) 3.3 (2.1) 2.4 (1.4)
scyllo-Ins6P 12.1 (2.0) 14.0 (2.1) 3.0 (1.4) 3.0 (1.3) 1.1 (0.7) 1.2 (0.7)
chiro-Ins6P 10.3 (1.7) 9.3 (1.4) 1.5 (0.7) 3.0 (1.3) 2.2 (1.4) 1.2 (0.7)
neo-Ins6P 10.3 (1.7) 4.7 (0.7) 1.5 (0.7) 4.6 (2.0) 2.2 (1.4) 1.2 (0.7)
Total Ins6P 37.0 (9.3) 32.6 (6.9) 15.1 (5.6) 12.3 (6.6) 17.5 (5.6) 4.9 (3.5)
Choline phosphate 4.2 (0.7) 4.7 (0.7) 0.6 (0.3) 1.6 (0.7) 0.5 (0.3) 0.5 (0.3)
Glucose 6-phosphate 1.8 (0.3) 2.0 (0.3) 1.5 (0.7) 1.6 (0.7) 1.1 (0.7) 0.5 (0.3)
Monoester 1 7.9 (1.3) 4.7 (0.7) 2.2 (1.0) 3.0 (1.3) 1.6 (1.0) 1.2 (0.3)
Monoester 2 27.3 (4.5) 41.2 (6.2) 10.4 (4.8) 12.5 (5.4) 10.7 (6.8) 2.1 (1.2)
Monoester 3 19.4 (3.2) 22.6 (3.4) 3.0 (1.4) 1.6 (0.7) 2.2 (1.4) 1.2 (0.7)
Orthophosphate diestersc 30.9 (5.1) 35.2 (5.3) 26.8 (16.3) 13.2 (5.7) 28.0 (25.0) 7.3 (4.6)
DNA 0.0 (0.0) 0.0 (0.0) 0.4 (0.2) 0.5 (0.2) 0.2 (0.1) 0.7 (0.4)
Other diester 1 6.7 (1.1) 6.7 (1.0) 4.1 (1.9) 2.6 (1.1) 0.9 (0.6) 2.1 (1.2)
Other diester 2 2.4 (0.4) 3.3 (0.5) 0.6 (0.3) 0.7 (0.3) 0.2 (0.1) 0.3 (0.2)
α-glycerophosphatec 4.2 (0.7) 4.7 (0.7) 9.1 (4.2) 1.6 (0.7) 12.0 (7.6) 1.2 (0.7)
β-glycerophosphatec 8.5 (1.4) 9.3 (1.4) 17.9 (8.3) 3.2 (1.4) 24.0 (15.2) 2.4 (1.4)
Mononucleotidesc 9.1 (1.5) 11.3 (1.7) 3.0 (1.4) 4.6 (2.0) 2.2 (1.4) 1.2 (0.7)
Monoester:Diesterd 3.78 3.43 1.11 2.7 0.89 1.60

a Sum of pyrophosphate and polyphosphate peaks.
b Sum of orthophosphate monoesters and diesters.
c Values corrected for diester degradation products by subtracting α- and β-glycerophosphate and the mononucleotides from the total monoester area and adding 

them to the total diester area.
d Ratio of orthophosphate monoesters to orthophosphate diesters (corrected for degradation).
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soils. The majority of these peaks were also detected in rice grain sam
ples analyzed at the same time. Phosphonates represented < 5 % of 
extracted P for all samples.

Compounds in the orthophosphate monoester region (after correct
ing for degradation) were 9.9–103.1 mg kg− 1 (6.7–19.3 % extracted P), 
with highest concentrations, and highest proportion of total extracted P, 
in the high-P soil samples. Peaks for four Ins6P stereoisomers were 
identified in all samples: myo-Ins6P at 5.84, 4.82, 4.49 and 4.35 ppm and 
scyllo-Ins6P at 3.97 ppm in all samples; D-chiro-Ins6P in the 4 equato
rial/2 axial conformer at 6.67, 5.57 and 4.21 ppm and in the 2 equatorial 
/4 axial conformer at 6.26, 5.01 and 4.62 ppm in all samples; neo-Ins6P 
in the 4 equatorial/2 axial conformer at 6.46 and 4.66 ppm in all sam
ples, and neo-Ins6P in the 2 equatorial/4 axial conformer at 4.87 and 
5.10 ppm for all but the high-P Post sample. Peaks for choline phosphate 
and glycerophosphate were identified at 4.09 and 5.51 ppm, respec
tively in all samples. The remaining unidentified orthophosphate 
monoester peaks were divided into three regions (Fig. 2B): the Mono
ester 1 region had peaks at 7.37, 6.98, and 6.16 ppm in most samples; 
the Monoester 2 region had peaks at 5.64, 5.17 and 4.76 ppm in all 
samples and would also include the underlying broad peak, which was 
minimal in these samples; and the Monoester 3 region had peaks at 3.77, 
3.57 and 3.12 ppm in all samples. Of the orthophosphate monoesters in 
these samples, the total Ins6P stereoisomers represented the highest P 

concentrations and greatest proportion of extracted P. Peaks for the myo- 
and scyllo-Ins6P stereoisomers were confirmed by comparison with 
those in the spectrum of rice grain samples (Fig. 2B).

Peaks in the orthophosphate monoester region in the P-NMR spectra 
were divided into DNA, and the Other diester1 and Other diester2 
groups (Fig. 2A inset). Peaks for DNA were found at − 0.66 and − 0.75 
ppm for medium-P and low-P Pre and Post samples, but were not present 
in either of the high-P samples. Peaks in the Other diester1 region were 
detected at 2.43 ppm, 2.09 ppm, 1.81 ppm, 1.59 ppm, 1.20 ppm, 0.9 
ppm, and 0.55 ppm. Most of these peaks are for lipoteichoic acids and 
phospholipids, and were also detected in rice plant samples (in the 
Fig. 2A inset, a prominent peak in this region is indicated with *). Peaks 
in the Other diester2 region were detected at − 1.39, − 1.75, − 2.84, 
− 3.28 and − 3.74 ppm, but the compounds with peaks in this region are 
unknown. Peaks for mononucleotides were detected in all samples at 
4.42, 4.38 and 4.34 ppm, as were peaks for α- and β-glycerophosphates 
at 5.04 and 4.68 ppm, respectively. However, while these appear in the 
orthophosphate monoester region in spectra, they originate from the 
degradation of compounds that were orthophosphate diesters in the 
original soils prior to extraction with NaOH-EDTA and analysis by 31P 
NMR; α- and β-glycerophosphates from phospholipids, and mono
nucleotides from RNA (Cade-Menun and Liu, 2014; Chen et al. 2021), 
with α- and β-glycerophosphate in the classic 1:2 proportion typical of 

Fig. 2. Solution 31P-NMR spectra of NaOH-EDTA extracts from high-P, medium-P, and low-P soils before (Pre) and after (Post) 60 days of rice growth. A. The main 
figure shows full spectra for each soil sample, all scaled to the height of the orthophosphate peak. The inset shows details of the region from 8 to − 5 pm for two soil 
samples. B. Spectra for all soil samples, showing details of the region from 8 to − 2 ppm, plus the spectrum a rice plant sample analyzed with the soil samples for this 
study and a spectrum showing degradation of the phospholipid L-α-phosphatidyl choline (analyzed for Cade-Menun, 2015). All spectra shown processed with 7 Hz 
line-broadening. Not all peaks are labeled in each spectrum. See text for more details about regions and peaks. Diest1, Diest2: orthophosphate diester regions; M1, 
M2, M3: orthophosphate monoester regions; MDPA, methylene diphosphonic acid; c1, c2: D-chiro-inositol hexaphosphate (Ins6P); m, myo-Ins6P; n, neo-Ins6P; o, 
orthophosphate; s, scyllo-Ins6P; α, β: α- and β-glycerophosphates. The * indicates an unidentified peak in orthophosphate diester region of the rice sample in the inset.
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phospholipid degradation (Fig. 2B). While present in all samples, com
bined these peaks were 12.5 and 22.8 % of extracted P in the medium-P 
and low-P Pre samples, dropping to 2.1 % of extracted P in the medium-P 
and low-P samples post-incubation, the same proportion for the high-P 
Pre and Post samples (Table 3). These compounds were also present in 
the rice grain samples, although at a lower proportion of extracted P 
(Fig. 2B). When corrected for these degradation compounds, the 
Monoester:Diester ratios (Table 2) show that orthophosphate mono
esters are the dominant compound class for high-P samples at both 
sampling dates and Post incubation for medium-P and low-P soils, but 
orthophosphate diesters are more abundant prior to incubation for the 
medium-P and low-P soils.

3.3. Enzymatic activity

Enzymatic activities were measured in all soils before and after rice 
growth. The potential activities of Ac-PME were much higher than those 
of Alk-PME for all soils, and only the former were significantly influ
enced by time. Aside from the more favorable soil pH (Eivazi and 
Tabatabai 1977; Wu et al. 2021), which ranged between 5.9–6.9, acid 
phosphatases are produced by plant roots and soil microbes, while 
alkaline phosphatases are produced only by free-living microorganisms 
(Hofmann et al., 2016). In general, in all studied soils, acid phosphatase 
activity was much higher than alkaline phosphatase and increased with 
rice growth.

The Ac-PME activities measured in Post rice growth soils were 
significantly higher than those measured in Pre soils (Fig. 3a). The 
opposite was true for Alk-PME activities, which resulted in slightly 

higher values before rice cultivation, albeit the differences were not 
statistically significant. Specific enzymatic activities showed greater 
differences among soils (Fig. 3b), although only specific Ac-PME activ
ities showed a significant interaction of P level and sampling time (p <
0.05). Indeed, specific enzyme activities were significantly higher in 
low-P and medium-P soils after rice growth compared to before rice 
growth and compared to high-P soils before and after rice growth.

4. Discussion

In this study, we hypothetized that soil TP content influences abiotic 
and biotic processes controlling the distribution of Pi and Po forms. 
Consistent with this hypothesis, the distribution of operationally- 
defined P forms across wet chemical extractions discussed in Section 
3.1 (Fig. 1) showed that P concentration was low in all soils in the sol
uble and exchangeable Pi pools, with only small differences among the 
three soil P groups. In contrast, the redox-sensitive Pi pools represented 
on average 17 % of TP with a clear differentiation among the three soil P 
groups. Computation of the percentage variation before and after rice 
growth (Fig. 1) showed a decrease in the exchangeable Pi pool while the 
soluble Pi pool was depleted only in high-P soils and remained quite 
constant in the other soils. Considering that the exchangeable-Pi pool 
represents the amount of P that is displaced from the soil surfaces after 
the consumption of soluble Pi (Moody et al., 2013), the apparently static 
behavior of soluble-Pi during rice growth can be explained by P in the 
exchangeable-P pool replacing the P taken up by rice plants from the 
soluble-P pool, consistently with the strong positive correlation we 
previously observed between soil exchangeable-P and plant P uptake 

Fig. 3. Activities of a) alkaline phosphatase, b) acid phosphatase, and specific enzymatic activity normalized to the values of soil total Po of c) alkaline phosphatase 
and d) acid phosphatase in the high-P, medium-P and low-P soils before (Pre) and after (Post) 60 days of rice growth. Each value represents the average among four 
independent replicates, bars represent the standard errors. Different letters indicate statistically significant differences for the interaction P level*time (p-value 
< 0.05).

S. Martinengo et al.                                                                                                                                                                                                                            Geoderma 462 (2025) 117526 

7 



(Martinengo et al., 2023). However, the exchangeable-P pool also 
appeared to feed the redox-sensitive Pi pool, which increased in 
medium-P and low-P soils after rice growth. Although the soils under 
reducing conditions experienced reductive dissolution of Fe (hydr)ox
ides with an expected increase of P in the soil solution (Scalenghe et al., 
2002; Wang et al., 2022a; Zhang et al., 2025), co-precipitation processes 
may occur during soil flooding (Martinengo et al., 2023; Santoro et al., 
2019; Zhang et al., 2003), especially when the reducing conditions are 
protracted (Heiberg et al., 2010; Refait et al., 2007). This may explain 
the generally high content of redox-sensitive P measured in paddy soils 
(Darilek et al., 2010). It is therefore likely that the Pi promptly released 
by reductive dissolution in the first 7–14 days after soil flooding was 
subsequently co-precipitated with the aqueous Fe(II), thus feeding the 
redox-sensitive P pool. This behavior was observed also in open fields in 
temperate regions (NW, Italy) during the first 60–70 days of the crop 
season, followed by a subsequent decrease of the redox-sensitive P 
fraction after plant tillering (Lizcano Toledo et al., 2022), due to the 
increasing needs of P by the growing plants. Martinengo et al. (2023)
concluded that the P associated with reductively dissolvable Fe (hydr) 
oxides could not be the only nor the most relevant P pool for plants, 
probably because of an observed asynchrony between Pi release into soil 
solution and plant requirements. Additionally, in moderately weathered 
soils, the crystallization of Fe minerals is less pronounced than in highly 
weathered subtropical environments (Huang et al., 2016), likely making 
them more sensitive to redox-temporal variations and altering their role 
as source or sink of P for plants during the rice growth as a function of 
soil P content (Martinengo et al. 2023).

Soil Po pools presented similar dynamics, although variations in 
operationally-defined pools from wet chemical extractions were less 
pronounced (Section 3.1, Fig. 1). The negative variation of exchangeable 
Po and redox-sensitive Po with rice growth in high P-soils (Fig. 1) may be 
related to the high availability of Pi for plant uptake. In contrast, in 
medium-P and low-P soils the negative variations of soluble and 
exchangeable Po were accompanied by a positive variation of the redox- 
sensitive Po pool (Fig. 1), confirming that Po forms are strongly affected 
by Fe reduction and oxidation processes. Although Po forms are gov
erned by abiotic reactions, they also undergo more complex biotic 
processes than Pi compounds.

The differences we observed in the variation of operationally-defined 
Pi and Po pools can be attributed to the complexity of soil P speciation. 
While Pi pools are primarily composed of phosphate, the Po pools 
contain a wide range of compounds encompassing several chemical 
compound classes (Cade-Menun, 2005; Turner et al., 2005; Cade- 
Menun, 2015). Each of these compounds exhibited different behaviors 
during Fe(III) reductive dissolution and subsequent Fe(II) oxidative 
precipitation (Santoro et al. 2019; Wang et al. 2017), potentially 
impacting the alternating Fe-P coprecipitation/dissolution processes. 
This, in turn, affects the distribution of compounds in Po pools and their 
potential as phosphate sources for plant nutrition.

Consistently, the 31P NMR spectra before rice cultivation clearly 
show net differences in Po composition as a function of total soil P 
content (Tables 2, 3; Fig. 2b). High-P soils were characterized by the 
prevalence of orthophosphate monoesters, including myo-, scyllo-, chiro- 
and neo-inositol phosphates and a lower contribution of orthophosphate 
diesters (Table 3). Their presence may be related to the contribution of 
rice leaves and roots, which, however, contain relatively greater 
amounts of orthophosphate diesters than monoesters (Duersch et al., 
2020). It can be inferred that, once plant residues have been incorpo
rated in soil, inositol phosphates may progressively and selectively 
accumulate through the repeated redox cycles occurring during the 
decades of monocultural rice cropping characterizing the soils from NW 
Italy Po plain (Miniotti et al., 2016; Sodano et al., 2017; Zampieri et al., 
2019). This could be due to the well-known greater affinity of inositol 
phosphates for Fe (hydr)oxides with respect to orthophosphate diesters, 
such as phospholipids and nucleic acids residues (Celi and Barberis, 
2005). In rice soils, the selective enrichment of inositol phosphates could 

be, on one hand, emphasized by co-precipitation processes occurring 
during oxic periods that retain more P than sorption (Chen et al., 2024; 
Santoro et al., 2019; Senn et al., 2015); on the other hand, it could be 
decreased with the establishment of anaerobic conditions, due to Fe 
(hydr)oxide reductive dissolution and the release of associated P forms. 
Consequently, in rice soils, the extent to which inositol phosphates can 
be selectively accumulated over other organic compounds may be lower 
than what is generally observed under aerobic conditions (Recena et al., 
2018).

After rice growth, the NaOH-EDTA-extracted Po from the high-P soils 
was slightly enriched in mononucleotides and α-glycerophosphates 
(Table 3), which together with a lower decrease of myo- and neo-inositol 
phosphates, contributed to maintaining nearly unchanged the level of Po 
(Table 2). As the amount of NaOH-EDTA-extracted Po is comparable to 
the sum of soluble-Po + exchange-Po + Fe-Po, we can assume that the 
reducing conditions established during rice growth may have caused a 
consistent release into the soil solution of Po forms associated with Fe 
(hydr)oxides. In addition, the active rhizosphere could have enriched 
the surrounding environment with plant- or microbial-derived ortho
phosphate diesters (De Sena et al., 2022). This was also accompanied by 
the pronounced signals of scyllo-inositol phosphates, which confirm an 
active microbial community (Liu et al., 2018). These compounds accu
mulated in the high-P soils (Fig. 2b) and compensated the Po losses due 
to mineralization processes, maintaining nearly unchanged the net Po 
pool, as also supported by the lack of differences in the specific enzy
matic activity of Ac-PME before and after rice growth. In high-P soils, 
the legacy P pool was largely sufficient to guarantee a high P availability 
and feed both rice roots and soil microbial communities (Wang et al., 
2024), without requiring an increase in enzymatic activity to release 
phosphate from Po compounds. Indeed, notwithstanding the greater Po 
pool present in high-P soils, the enzymatic activity was not statistically 
different from the soils with lower Po and did not change during rice 
growth, when the reducing conditions may further increase the Po 
compounds that can undergo enzymatic hydrolysis. Thus, we can infer 
that both biotic and abiotic processes affected the soil Po composition, 
although abiotic stabilization seemed to dominate, changing the pro
portion between orthophosphate monoesters and diesters.

In contrast, medium-P and low-P soils, before rice growth, presented 
a different Po speciation with comparable amounts of orthophosphate 
monoesters and diesters. Spectra were dominated by α- and β-glycer
ophosphates; the 1:2 ratio of α- to β-glycerophosphate is typical of the 
hydrolysis of phospholipids during NMR extraction and analysis, caused 
by the high pH NaOH-EDTA extractant (Doolette et al., 2009; Cade- 
Menun and Liu, 2014; Colocho Hurtarte et al., 2020). The presence of 
these labile compounds could be related to a larger contribution of 
fresh/unaltered plant material (Duersch et al., 2020) and microbially 
synthesized compounds (Wu et al., 2021) to the whole Po pool, while 
inositol phosphates represent a lower fraction.

With rice growth, the soils with lower P content experienced a net 
depletion of Po, with drastic losses of α- and β-glycerophosphates, and 
mononucleotides in the low-P soils (Table 3; Fig. 2b). This suggests an 
active utilization of the more labile Po pool (De Sena et al. 2022), hy
drolyzed by phosphodiesterases and phosphomonoesterases (Wu et al. 
2021). Under the same experimental conditions, Martinengo et al. 
(2023) highlighted that the low P availability led to the activation of 
plant strategies to overcome P limitation, further exacerbating the 
competition between rice roots and soil microorganisms for both C and P 
(Wang et al. 2022b). As recently demonstrated by Wang et al. (2024), 
this competition makes the mining from additional P sources necessary, 
thus increasing the specific enzymatic activity of Ac-PME to acquire 
phosphate from Po compounds present in the fresh/undecomposed plant 
residues. Indeed, the low amount of available P may stimulate micro
organisms to produce PME (Peng et al., 2021; Wu et al., 2021) but also 
other hydrolytic enzymes that catalyze organic matter decomposition 
and contribute to phosphate release.
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5. Conclusions

With this study, we demonstrated the fundamental interconnection 
between total soil P content and the dynamics of inorganic and organic P 
pools, ultimately presenting new insight into the role of soil P speciation 
in regulating nutrient availability under flooding conditions typical of 
rice cultivation. In high-P soils, P availability for rice is sustained by Pi 
present in the soil solution, continuously fed by less-labile Pi pools, while 
Po speciation reflects long-term redox cycling, leading to the selective 
accumulation of phosphate monoesters like inositol phosphates. 
Conversely, soils with limited P content rely on a rapid turnover of α- 
and β-glycerophosphates from phospholipids and mono
nucleotides—labile Po compounds that cycle quickly and release phos
phate to support plant uptake.

These findings suggest that soil P legacy and redox-driven trans
formations can be strategically leveraged to optimize P use efficiency in 
rice systems. Tailored water management practices that modulate redox 
conditions, together with a deeper understanding of microbial commu
nity interactions with Po forms, may enhance the mobilization of legacy 
P in low-P soils and reduce dependence on external P inputs.

Future research should explore the biotic–abiotic feedback that 
govern Po transformations under dynamic redox regimes. This knowl
edge could inform the development of precision soil management 
strategies that support both agronomic productivity and long-term sus
tainability of rice agroecosystems.
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