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ARTICLE INFO ABSTRACT
Keywords: Phosphorus (P), crucial for plant nutrition, is unevenly distributed in the Earth’s crust, necessi-
Null point tating its supplementation in agriculture through fertilizers. However, excessive use can lead to

Maximum adsorption capacity

water pollution. Our research focuses on the P adsorbing complex, investigating P release due to
Overfertilized soils

flooding, using 12 well-characterized soils with contrasting properties. Our research measures
directly the P-adsorbing complex using adsorption/desorption isotherms. We observed that the P
concentration in the solution —sufficient to prevent desorption yet low enough to avoid further
sorption by the soil— decreases when the soil undergoes complete reduction (anoxia). When
grouped by similarity, calcareous soils exhibit higher maximum P adsorption capacities (Xmax)
under alternating reducing conditions (ARC) compared to continuous reducing conditions (CRC).
In slightly acidic soils, CRC leads to a wider spread in Xpax values than ARC. For acidic, organic
matter-rich soils, ARC results in the highest Xpay values (123 mmol P kg~ soil) compared to CRC,
whereas in acidic, light-textured soils, CRC shows significantly higher mean X,y values than
ARC. Nevertheless, we were unable to develop a predictive model for soil P desorption based on
key intrinsic properties and climate. When an environmental or anthropogenic transformation
induces anoxia, the P released does not follow a predictable pattern.

1. Introduction

Phosphorus (P) plays a strategic role in supporting plant nutrition, yet it is not uniformly distributed across the Earth’s crust;
instead, it is found in concentrated deposits. In areas where soils lack P, it’s supplemented with fertilizers. However, excessive addition
of P to soil can lead to eutrophication when it leaches into surface waters. These interconnected factors underscore the importance of
effective management practices, particularly within the agricultural sector. Creating soil distribution maps would greatly aid in
decision-making processes, and significant strides have been made in this regard in recent years [1,2]. Progress has been notable,
moving from enhanced cartographic resolutions to a focus on assessing various P pools within the soil, rather than just total P, which is
less relevant for management purposes. For instance, Ringeval et al. [3,4] modeled the global distribution of soil P with a good (0.5° x
0.5°) spatial resolution although considering topsoils only, 0-30 cm (corresponding to LUCAS sampling guidelines), with no vertical
discretization. Furthemore, soil P pools were considered (GPASOIL model) according to Hedley scheme (inorganic P in soil solution,
labile inorganic P, moderately labile inorganic P, primary inorganic P, labile organic P, stable organic P, and occluded P. Indeed, van
Doorn et al. [5] add precision using high-resolution digital soil mapping: they considered amorphous iron (Fe)- and aluminium
(AD)-(hydr)oxides to better interpret the behaviour of soil P. However, the challenge lies in the abrupt changes that P undergoes in soil
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behaviour, often in response to minor environmental fluctuations. It is widely acknowledged that even temporary water excess or
slight alterations in the soil’s redox potential can trigger rapid solubilization of P [6]. This can lead to subsequent reoxidation, resulting
in greater P adsorption in some soils and less in others. In natural soils, redox cycles occur regularly under normal conditions. However,
in cultivated soils, such cycles can happen frequently throughout the year, particularly due to common agronomic practices like
irrigation. Therefore, the fundamental inquiry becomes: is it possible to effectively map P in soil while incorporating a predictive
capability that accounts for its potential release in a practical way?

The chemistry of soil P is known to be controlled by various type of reactions, such as adsorption/desorption and precipitation/
dissolution [7-9]. These reactions usually concern P in solution, or the Intensity factor. Other reactions, i.e. oxidation/reduction, do
not affect P per se but have a drastic influence on the soil components, Fe and Mn oxides, that constitute the Quantity factor in
adsorption/desorption phenomena. The reduction of Fe and Mn to more soluble forms implies that soils that undergo anoxia become a
P source [10]. Two previous works had studied as the solution changes following a continuous submersion period [11] or cycles of
oxidation and reduction [12] in twelve agricultural soils very different for their physico-chemical properties. Under alternating redox
conditions, P release in solution exhibited a rapid peak followed by a decline. This decrease in concentration is attributed to
re-adsorption by undissolved crystalline oxides, the exposure of new sorption sites through the dissolution of Fe coatings, or the
formation of iron precipitates under anoxic conditions. It had been reported that, after repeated cycles of oxidation and reduction, soil
P has a tendency to transition towards less stable forms, which can be readily released upon subsequent reduction [13,14]. A change in
the P adsorption/desorption behaviour of the soils can then be postulated as a consequence of the transformation of the adsorbent
matrix.

In this paper, we investigate the transformations of the P-adsorbing complex as a result of anaerobiosis, continuous or intercalated
by short periods of oxidation, to quantify this transformation directly. We search for a prevalent pattern capable of elucidating the
behaviour and facilitating the prediction of P concentration in soils.

2. Materials and methods

This study examines the main physical and chemical properties of twelve benchmark overfertilized soils from diverse agricultural
regions in Germany, Great Britain, Italy, and Spain. Selected for their extreme phosphorus adsorption characteristics, these soils vary in
PH, organic matter content, carbonates, iron and aluminum oxides, and phyllosilicate types. The soils were classified as overfertilized
based on a criterion where the available phosphorus, determined by regional soil P tests, was at least twice the critical level needed for
an average crop. We used very well studied soils [11,12,15-24] ranging taxonomically from Regosols (Entisols), to Vertisols (Ver-
tisols) typically dominating in Mediterranean environments, to Chernozems (Alfisols and Mollisols) of the cooler mid-latitudes, and
from xeric to udic in soil moisture regime and frigid to thermic in soil temperature regime. These twelve soils cover a wide range of
geo-ecological settings and of total soil P content and the capacity of phosphate sorption (Fig. 1).

Three—gram samples of soil were weighed into 20-mL vials to which 15 mL 0.01 M CaCl; was added. The vials were sealed in an
anaerobic box (298 K) and, at intervals up to two years, a batch of vials was shaken for 20 min and centrifuged. At the end of the
experiment, solid phases were freeze-dried and analysed for P (details in Ref. [11]).

In another experiment 3 grams of the same twelve soil and 15 mL of 0.01M CaCl;, were incubated under anoxic conditions (20 days,
298 K) then oxidised (1 day) and dried (1 day). The entire cycle was repeated 11 times (details in Ref. [12]). Gases in the anaerobic box
(pN2 = 0.88; pCO; = 0.08; pHy = 0.04) were chosen to reflect the components most likely present under anoxic natural conditions.

On the solid phase, P and Fe were extracted with 0.2 M acid ammonium oxalate at pH 3 [27], as adapted by Darke et al. [28], and an
estimate of plant available P? was determined according to Olsen et al. [29].

Adsorption characteristics were estimated by adding different amounts of KHyPO4 (from 0.1 to 50 pg P mL™1) to 0.2 g of soil in
0.01M CaCly, shaking end-over-end for 24 h and analysing P in solution with the molybdate blue method [30] or the malachite green
method [31] depending on the P concentration in solution.

Phosphorus adsorption isotherms were used to characterize each soil’s capacity to remove dissolved P from solution; they were
prepared by plotting mmol PO3-P adsorbed or precipitated per kg of soil as a function of P remaining in solution after equilibration (24
h) at a constant temperature (298 K) with 0.1, 2, 5 and 10 mmol P L. P adsorption properties were described through their Null Point
(NP), where adsorption equals desorption, or by the maximum adsorption capacity of the Langmuir equation (Xpyax) for those soils
whose NP was impossible to establish. The NP is the solution concentration of P that is just high enough to prevent desorption from the
soil and just low enough to prevent further adsorption [8]. This approach necessitates two assumptions: i) the amount of phosphate
remains in the adsorbed form decreases with time (t), and ii) the adsorbed phosphate is in equilibrium with the phosphate in solution
and that this can be described by a Freundlich equation. If a soil has a significant amount of phosphate, the easiest way to represent this
is with the variable g, the native phosphate. Therefore, the total sorbed phosphate is S + g, where S is the adsorbed plus penetrated
phosphate. So, considering this factor along with the influence of temperature [8], we get this equation:

S=kc? <exp <—£> t) ” (eq. 1)
RT

! The first name is according to the World Reference Base [25]; the designation according to US Soil Taxonomy [26] is in parenthesis.
2 In this paper, we use the terms P, and Fe, to refer to P and Fe extracted by acid ammonium oxalate at pH 3 and to Pgys to refer to P extracted by
NaHCOs at pH 8.5.
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Fig. 1. Distribution of selected soils in a MAP-MAT graph (relationship between mean annual temperature, MAT in Celsius degrees and precipi-
tation, MAP in mm) where lines represent total P and dotted lines Phosphate Adsorption Capacity Index, PACI. PACI [(Fe, + Al,) + (Feq-Fe,)/5] is
calculated assuming that the P adsorption capacity per mol of Fe or Al is about one fifth for crystalline Fe oxides (estimated as Feq—Fe,) of that for
amorphous oxides (estimated as Fe, + Al,) [17].
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where k is a constant, c is the initial solution concentration, E is an activation energy, T (Kelvin) is the temperature, and R is the gas
constant, b; and by are coefficients. Equation (1) is expressed with sorption S as the main variable. However, the measurements were
taken for the concentration c.

3. Results and discussion

Within a soil, an aqueous phase can be separated from its solid phase by decanting it throughout, blocking certain substances while
letting others pass through. A distinctive pattern is observable if groupings of our soils are considered under oxic condition.
The Phosphate Adsorption Capacity Index, PACI,

PACI = (Fe, + Aly)+(Feq — Feo)/5 (eq. 2)

assumes that the P adsorption capacity per mol of Fe or Al, about one fifth for crystalline Fe oxides of that for amorphous oxides
(Fig. 1), is strictly correlated to the maximum quantity of phosphorus that a soil can adsorb, X, (r = 0.96**) [17] and to the A
parameter of the Elovich equation that describes P slow adsorption reactions (r = 0.73*) [19]. But, under reducing conditions all these
absorption/desorption properties are greatly influenced: the reduction induces a marked increase of the Xy, and a dramatic decrease of
the value of the null point (Fig. 2). The phosphate concentration in the solution is sufficiently elevated to hinder desorption from our
twelve soils, 1.5 mg P L1 solution in average, as a result of the reduction this value drops to 0.1 mg P L1, The specular Xpax pattern is
on average 0.7 g P kg™ ! soil under oxic conditions; it increases to a maximum of 1.4 following reduction. However, soils with a high
Xmax might still have low NPs if adsorb P even at low concentrations. Conversely, soils with high NPs might not necessarily have high
Xmax if they have a limited overall capacity to hold P but requires a high initial concentration to begin adsorption.

The soils are grouped into (1) calcareous, C, (E1, E2 and I3), (2) slightly acid, SA, (D1, D2, E3 and I12), (3) acid and rich in organic
matter, AOMR, (G3, G6 and G9), and (4) acid and light-textured, ALT, (D3 and I1) (Table S1).

For an equivalent reduction period of 60 days, oxidation pulses enhance the phenomenon by 15 % in the C soils. However, in the
AOMR soils, the cycles tend to reduce the maximum adsorption as the decline continues. The alternation of cycles in the short period
interferes on the reaction kinetics of adsorption-desorption magnifying the potential release of P. If considered globally, the alternation
of cycles of oxidation does not substantially modify the phenomenon over years (Fig. 2).

In the first month, no significant changes are observed; however, the soils, despite their differences, begin to converge over time.
Notable variations emerge after 220 days, and both cycles and continuous are found to be equivalent (i.e., interspersing periods of
oxygenation with anoxia does not affect the solid phase of the soils. However, other studies on the same soils have shown that the liquid
phase is significantly influenced). In the long run, the differences between the soil remain so that the system is rebalanced. We can say
that within a temporal horizon of months the characteristics converge, with an annual time horizon the starting characteristics emerge
again. On the long run, NP moves away from 1 (indicating the starting conditions, not anoxic) and, specularly, X,,x increases greatly
(Table S2). The figure highlights two distinct phases: a relatively rapid change occurring over weeks and a slower, long-term trans-
formation that spans years.

Managing P availability to plants over short time periods may offer advantages both agronomically and potentially in an envi-
ronmental context [32]. When exposed to oxic conditions, the P adsorption-desorption curves of these twelve soils indicate that the
amount of phosphorus released to a dilute electrolyte tends to be proportional to the P concentration in the soil solution raised to a
power that decreases with an increasing solution to soil ratio [24]. Under continuous reducing conditions, the water-extractable P
significantly increases, leading to a substantial P solubilization [11,33]. This scenario could be exacerbated during a sequence of
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Fig. 2. Changes in maximum adsorption capacity of the Langmuir equation (Xnmax) in black above and below in grey the null points, NP (P solution
concentration that is just high enough to prevent desorption from the soil and just low enough to prevent further sorption). From oxic condition
represented by the dotted line, their transformations during pulsed reducing conditions (open symbols) and continuous reducing conditions (filled
symbols). Results, calculated using equation (1), are expressed as a ratio of the respective initial Xy, and NP (ti/to where to and t; are the con-
centrations at time ‘0’ and ‘i’ respectively) and averaged (+ standard error of the mean) for the soil groups: (o) calcareous (C), ([]) slightly acid (SA),
(A\) acid OM rich (AOMR) soil, () acidic light-textured (ALT) soil are extreme for properties, long-term paddy or very heavily overfertilized. Full
data, expressed on an oven-dry basis at 378 K, are in Table S2 (P sorption isotherms, with NP in pmol P L-! solution and Xpay in mmol P kg‘l soil).

pulsed redox conditions, where up to two-thirds of total soil P is susceptible to a change in extractable form. Current findings suggest
that changes in the organic and calcium-associated P fractions are particularly evident in such situations [12].

Olsen extractable P, used to represent an extraction method that has been widely adopted for advisory purposes, showed wide
changes in concentrations: from 8 to 79 mg Pgjs kg ™! soil. In general, they followed one of three trends, three calcareous soils (E1, E2
and E3) declined, while two (I3 and D3) remained relatively unaffected (<10 % change from the initial value) and the remaining soils
all showed an increase over time (data from Ref. [12]). Organic matter addition appears to hinder the effect of Ca dissolution on P
release from soil [14]. The intricate nature of P adsorption-desorption processes in soil is closely linked not only to the characteristics
of the soils themselves but also to the dynamic behavior of water within the soil matrix [13,34].

After the 4th cycle, the molybdate reactive phosphorus (MRP) fraction (representing inorganic orthophosphate) experiences a
rapid decline, indicating a shift towards less soluble forms of P. This transformation is likely due to the system approaching a biological
and chemical equilibrium, similar to what was observed in the continuous reduction experiment [11]. Notably, there is no evident
correlation with a standard soil test, such as Olsen, which could be significant. Additionally, the change in MRP concentrations often
exceeds that of Pgjs, even in the case of calcareous soils. During the cycles in our twelve soils, the Fe-P ratio becomes stoichiometrically
de-coupled from the hypothesised iron redox wheel [35,36]. Further, the absence of a clear correlation with a standard soil test,
specifically Olsen, holds potential significance. This is because the alterations in P adsorption properties differ from those observed in
Pols, indicating a general incapacity of this routine P extraction test to predict short-term physico-chemical changes in P solubility [12]
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Fig. 3. Moles of P in respect to moles of Fe as extracted by oxalate from soils experiencing both continuous and pulsed reducing conditions over 220
days. Data from Ref. [23].
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and medium-term shifts in P adsorption properties.

The mobility and solubility of P decrease due to the formation of insoluble compounds. A fundamental mechanism for immobi-
lization involves the modification of solution pH. Adsorption and precipitation of P by Ca are dominant phosphate removal mecha-
nisms, with the efficiency of the process being linked to the amount of CaO and/or Ca2* released in solution through hydration and
dissolution processes [37]. While P concentrations significantly increased in most soils, they remained stable in soils with high clay
content. The onset of flooding triggers P release [38] associated with the liberation of Ca, Mg, and Mn, suggesting that P release may be
controlled by the dissolution of Mg and Ca phosphates and reductive dissolution of Mn phosphates [14].

Predictions carry a high degree of uncertainty, as evident when compared to published field data. Flooding induces an increase in
extractable poorly-crystalline Fe forms (Fe,) in most soils, although not universally. This may lead to an elevation in allophane
concentrations and, consequently, increased adsorption of PO [20,39,40]. The chemistry of P and Fe is closely intertwined in both
soils and sediments [41,42]. In soils, poorly crystalline Fe and P extracted by ammonium oxalate are well-known to be correlated [18,
24,43]. This occurs in our untreated twelve soils (r 0.72*), this correlation is lowered cycle by cycle. The moles of P for each mole of Fe
initially are very different from soil to soil. The gradual transformation induced by cycles of reduction and oxidation tends to
“normalise” the system. After eleven oxidation/reduction cycles, the extraction in ammonium oxalate obtains 1 mol of P every 2 mol of
Fe for most soils, as has been verified by measurements (Fig. 3). As the reduction conditions continue, their molar ratio tends to in-
crease. The discrepancy in oxalate-extractable elements under oxic and reducing conditions, following incubation with mixed resins
([23], in their table 3), elucidates the connection between P bound to the resin after 32 days of submersion, represented as a Q factor,
and P in solution, as highlighted in our Fig. 2. The gradual increase in amorphic components of the absorbing complex under anoxic
conditions triggers the dissolution of oxides and carbonates, subsequently leading to the release of P [23]. However, it seems that the
presence of P in solution is not governed by the solid phase [44].

These soils are susceptible to erosion, wherein smaller soil aggregates would be selectively displaced. In such instances, although
the overall potential loss of P would be higher compared to the initial whole soil, the finer and more easily transported material might
contribute to a reduced solution P concentration compared to coarser-sized fractions. The total P content within specific particle size
classes decreases as the dispersive energy required increases [22]. However, if during the erosive processes different aggregate size
fractions of these soils were mixed, measured P in water is lower than the predicted P [21]. And, the mixes of the calcareous aggregates
(E1, E2, and I3) follows the same pattern as water soluble P in the mixes of non-calcareous aggregates [21], despite differences in the
mechanisms of P retention [22].

The determination of soil P is sometimes problematic due to the sensitivity of its measurement, so the possibility of predicting the
content in P, occasionally becomes useful for the management of soils for agronomic and environmental purposes. On relatively similar
soils (Haplic Luvisols and Gleyic Cambisols [25]) under oxic conditions, Hosseini et al. [45] predicted P content in soils using models:
genetic algorithms, partial least squares regression, and artificial neural network. Among the soil properties investigated, they found
that soil P was most closely related to organic matter (i.e. all these soils are OM poor soils). Despite the promising results, careful
attention must be paid to the predictive inference of phosphorus. It can work, as in this case, when the soils are very similar, as well as
environmental conditions. Our results show that if the soil is subjected to temporary anoxia, any prediction is fallacious. To formulate
adequately accurate predictive equations, a substantial amount of material should serve as the foundation for their development.
Additionally, soils should likely be categorized based on other soil properties that could explain variations in P adsorption capacity
[46]. Despite this structural alignment, reduction and the ensuing pH alterations result in elevated concentrations of P in solution
during flooding.
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Fig. 4. The twelve soils plotted against salient climatic characteristics, precipitation in abscissa and temperature in ordinate. Colours indicate P
desorption (red) or P adsorption (blue). The solid lines indicate C/X after 220 days of reduction alternating with moments of oxidation, the dashed
lines the intermediate points (four measuring points in the range 0-220 days, 40, 60, 80 and 120 days). Soil D3 divided by 100.
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In the past decade, more frequent extreme weather, including atmospheric rivers and heavy rainfall, has led to prolonged flooding
of agricultural soils, potentially increasing MRP concentrations. This rise is due to the solubilization of P, reduction of Fe>" binding to
P, and the release of dissolved organic carbon from disrupted soil aggregates [36]. Fig. 4 provides a graphical comparison of two P
concentration ratios (C/X at C; and Cy¢) in untreated soils over 220 days under pulsed reducing conditions, such as flooding and anoxia.
The null point (X) represents the P solution concentration where the soil neither adsorbs nor desorbs P, indicating a balance. The graph
depicts the impact of these environmental changes on the P concentration ratios, showcasing the dynamic behaviour of P in soils over
time and under varying conditions, highlighting how different soils respond to reducing conditions. The distribution of behaviour
concerning adsorption properties is uneven when sorted by geo-ecological zones (Fig. 4).

3.1. Is it possible to evaluate the soil P cycle by considering factors beyond P budgets?

Muntwyler et al. [47] achieved through unprecedented spatial resolution an estimate on the P budget. Upscaling the calibrated
DayCent model (i.e. the daily time-step version of the CENTURY biogeochemical model) [48], they generated higher-resolution maps
depicting the average P budgets during a decade by executing the model with a low maximum sorption capacity (0.5-times) and
maximal sorption affinity (a), as well as by running the model with a low maximum sorption capacity (1.5-times) and minimal sorption
affinity. Muntwyler et al. [47] introduced a robust model framework that effectively: i) identifies surplus or deficit P balances in target
areas at high spatial resolution, ii) highlights areas warranting further investigation and where alterations in agricultural practices
could enhance achievement of policy objectives related to environmental pollution and resource efficiency for critical raw material P,
and iii) evaluates potential reactions of the P cycle to changes in agricultural management in future scenarios. Their conclusion is that
future research should explore diverse scenarios, including additional soil conservation measures, conservation agriculture practices
(e.g., reduced tillage or grass margins), mulching, recycled P fertilizer utilization, changes in soil organic carbon (SOC), climate
variations, and global-scale model scaling.

Modeling P inputs and outputs, they reveal a slightly positive annual P balance in EU and UK agricultural soils, where national
averages range from —2.5 to 5.2 kg P ha™! year™!, with P surpluses (positive balances) posing an environmental pollution risk. The
highest surpluses were modeled in Denmark, Cyprus, Malta, Portugal, Ireland, Spain, North-Western France, Northern Belgium,
Central Poland, Northern Ireland, Western England (>2 kg P ha! year’l). Conversely, P deficits were modeled in the Czech Republic,
France (excluding the North-West), Finland, Germany, Slovakia, Western Netherlands, South-Western Austria, Northern Italy, and
parts of the UK (South-Eastern England, and Scotland) (<—1 kg P ha™! year™1). These models take into account the fluxes through the
soil but, notably, they are unable, at this spatial resolution, to consider the thermodynamic properties of soils, especially in terms of P
desorption/adsorption. The limited scope of the 12 soils only captures a narrow range of situations across four countries. While the
level of detail is informative, it emphasizes that attempting to extrapolate predictive characteristics or trends for P dynamics,
considering various environmental factors, is challenging. A significant discrepancy is apparent concerning German soils, which, in our
analysis, face a high risk of P loss despite being perceived as deficient in other assessments. As soils become more alkaline, saturated
with bases and P, and with sorption capacity exceeded, there is an elevated risk of P losses to aquatic ecosystems [49].

Modeling cannot incorporate all analytical details available in a specific study. The comparison reveals substantial interpretative
discrepancies, prompting reflection on whether simplifying scenarios to the extent of risking implausibility was a meaningful
approach.

Furthermore, soil nutrients in agricultural systems are influenced by a combination of natural factors and field management
practices [50]. Among these factors, water and soil movement play a crucial role in shaping, in particular, the P distribution. Runoff
transports dissolved P, while bound P can be important to note that total P, although commonly measured, does not effectively predict
the availability of P for plants or its potential release into water. The picture is made even more complicated considering that the
interaction of climate change, alterations in land use and cover, and different management practices can intensify the dispersion of
nutrients, leading to more significant fluctuations in total P loads [51]. The system is even more complicated in coastal areas, when in
addition to a change in the redox conditions of the soils there is a combined increase in ionic strength [52]. So, further research is
required to evaluate methods for mapping soil legacy P and the risk of MRP release across different scales [53].

4. Conclusion

Our results show that the maximum P adsorption capacity (Xmay) can double under reducing conditions, shifting from 0.7 g P kg!
under oxic conditions to 1.4 g P kg™!, alongside a mirror decrease in the null point from 1.5 mg P L-! to 0.1 mg P L-1. The convergence of
adsorption properties across different soil types after prolonged exposure (e.g., up to 220 days) points to the need of adaptive man-
agement strategies tailored to soil group-specific behaviors. In fact, our investigation reveals that the transformations of the P-
adsorbing complex under anaerobic conditions, whether continuous or intermittently oxidative, lack a consistent pattern, thus pre-
cluding the development of a predictive model for soil P desorption based on intrinsic properties and climate, particularly during
events leading to anoxia such as flooding. The concentration of P in the solution needs to be finely balanced — high enough to prevent
desorption but low enough to hinder further adsorption by the soil. This delicate equilibrium is disrupted when soils are subjected to
flooding, a phenomenon observed across various soil types in the mid to long term. This observation underscores the tendency for
adsorption properties to converge, irrespective of soil type or location. Importantly, while flooding may alter certain aspects, the
fundamental nature of the soil remains unchanged, and the reactivity of P specific to a particular soil type persists. Consequently, there
is no distinct management option for geographically distinct soils saturated with phosphorus. The development of overarching stra-
tegies to control P losses on a continental scale must account for the inherent diversity of soils. To address this challenge,
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regionalization and the implementation of best practices in water management at the catchment level become crucial.
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