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ARTICLE INFO ABSTRACT

Handling Editor: Andrew Margenot Understanding available phosphorus (P) turnover could improve sustainable P management. An isotope tracing

33p was used to measure daily P turnover rates and exchangeable P (E) in P deficient, balanced, and excess P soils

Keywords: from a long-term P site. Turnover under P deficient conditions was characterised by the lowest P flux pre-
Phosphorus availability dominantly from the available into the exchangeable P pools (P efflux). The P efflux in the P deficient soil was 3.7
Turnover

+ 0.6 mg P/L day ! and the inverse flux (P influx) was 1.6 + 0.4 mg P/L day . Turnover rates were more than
twofold higher under P balanced and surplus conditions, exhibiting an equilibrium between influx and efflux
rates. The contribution of abiotic processes to P turnover was predominant in the excess P soil, whereas biotic
processes dominated turnover rates under P deficient conditions.

Changes in P turnover were measured following application of single superphosphate (SSP) and dairy pro-
cessing sludge (DPS). Both fertiliser types increased P turnover rates and availability across all soils. After SSP
application, E values plateaued between 238 and 297 mg P/L regardless of initial P status. Slower P release from

Isotope pool dilution
Recycled fertiliser
Phosphorus fertiliser

DPS was evidenced by a wider range of E values (97-160 mg P/L) with slower turnover.

1. Introduction

Phosphorus (P) is an essential nutrient for crop production. In con-
ventional agricultural systems soil P is replenished with mineral fertil-
isers produced from rock phosphate (Tarayre et al., 2016) or using bio-
based fertilisers such as animal manure, treated sewage sludge, compost
etc. (Andriamananjara et al., 2016; Gregg et al., 2020; Smith et al.
2006). An increasing global population (UN DESA, 2019) is putting
pressure on agriculture for food production which requires higher inputs
of fertilisers to meet rising crop demands. While the use of P fertilisers in
agriculture is essential, unsustainable P management could cause loss of
soil fertility, or alternatively pose a risk to the environment due to P
losses to surface waters (Ezzati et al., 2020; McDowell et al., 2020; Smith
et al., 2021).

Plants primarily access P from the soil solution. The concentration of
orthophosphate ions in soil solution is often used to reflect P availability
for crops. Previous research showed that while phosphate concentration
in soil solution can remain low it does not always mean low P

availability (Pypers et al., 2006). As orthophosphate ions are removed
from soil solution by plants, the soil solution P from the available P pool
can be replenished from the soil matrix (exchangeable P pool) (Pypers
et al., 2006). The rate at which this occurs is known as P turnover. The P
turnover rates and the amount of the exchangeable P is fundamental to
understanding P dynamics in the context of managing P applications for
build-up on P deficient soils and drawdown on excess P soils.
Currently, decisions regarding application rates of P fertilisers are
made using soil test P without taking into consideration the P reserves
stored within the exchangeable P pool and P turnover rates. Phosphorus
turnover in soil consists of both abiotic (adsorption/desorption) and
biotic (mineralization/immobilization) processes (Wanek et al., 2019)
which regulate the replenishment of the soil solution P (through the P
influx into the soil solution) and the rapidly exchangeable P (through the
P efflux from the soil solution into the exchangeable P pool). These
processes are governed by a number of physio-chemical soil character-
istics (Helfenstein et al., 2018) and soil microbial activity (Pistocchi
et al., 2018). The flux of P between pools and size of the exchangeable P

Abbreviations: Al, Aluminium; Ca, Calcium; DOC, Dissolved organic carbon; DPS, Dairy processing sludge; E, Exchangeable phosphorus; Fe, Iron; IEK, Isotope
exchange kinetics; IPD, Isotope pool dilution; LR, Lime requirement; M3, Mehlich3; P, Phosphorus; SSP, Single superphosphate; TC, Total carbon; TN, Total nitrogen;

TOC, Total organic carbon; TP, Total phosphorus; WHC, Water holding capacity.
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pool can be measured and characterised using isotopic exchange kinetics
with (IEK) a 33P or 2P tracer. These methods typically rely on repeated
measurement of specific activity of the tracer coupled with water-
soluble P concentrations. Recently these methods have been optimised
to minimise the error associated with measuring radioactivity in soil—
water extracts and the risk of mineralising the tracer when measure-
ments are taken over long time periods. Wanek et al. (2019) proposed a
novel isotope pool dilution (IPD) approach to overcome some of these
constraints by using a salt extractant, often Olsen’s reagent, which tar-
gets the available P fraction in soil and recommends specific activity
measurements are taken over shorter time intervals. By targeting the
bioavailable pool and avoiding mineralisation of tracer P, this approach
provides for increased sensitivity on P deficient soils where small shifts
between P pools often drive the supply of P for crop uptake (Kellogg
et al. 2006; Wanek et al. 2019).

In the present study the IPD method with 33P radioisotope as a tracer
was adopted to identify the main P fluxes in agricultural soils. This
method allows to overcome the limitations and problems associated
with measuring specific activity in soil water extracts (as per IEK
approach). A rapid salt extraction protocol which targets the available P
pool avoids underestimation of P turnover rates, especially in P deficient
soils (Wanek et al., 2019). Unlike the calculation of P turnover based on
IEK which is based on measuring a change of a specific activity of
phosphate in water solution (Helfenstein et al., 2018), IPD approach is
based on mass balance equations developed specifically for gross
nutrient flux rates (Kirkham & Bartholomew, 1955; Wanek et al., 2019).
The individual equation for the systems where the P flux rates are
constant or proportional to the nutrient reserves in soils are used in the
IPD assays (Kirkham & Bartholomew, 1955). Additionally, since the
method measures nutrient flux rates in an open system, a number of
equations are developed to account for three scenarios: when influx and
efflux rates are equal (1), when influx is a predominant flux (2), and
when efflux is a predominant flux (3) (Kellogg et al. 2006; Kirkham and
Bartholomew 1955). Total P influx is defined here as a daily rate of P
transferred into the available pool from the exchangeable pool, and total
P efflux is defined as the daily rate of P supplied back into the rapidly
exchangeable P pool from the available pool (Kirkham & Bartholomew,
1955; Oehl et al., 2004; Wanek et al., 2019). These fluxes consist of
abiotic (inorganic P sorption/desorption) and biotic processes (organic
P mineralization/immobilization). Abiotic P influx and efflux represent
physiochemical P release and immobilization dynamics. The difference
between total P flux rates and abiotic P flux rates can be used to estimate
contribution of biotic processes (mineralization and immobilization) to
the P fluxes (Kellogg et al., 2006; Wanek et al., 2019).

In the present study we focused on two P pools, critical for crops
nutrition, namely; available and exchangeable P (Fig. 1). The available P
is expressed as Morgan’s extractable P which is used as the national soil
P test (Morgan’s P) to measure available P and values are embedded in
agronomic advice and easily translated into fertiliser recommendations
for farmers in Ireland (Wall & Plunkett, 2020). The Morgan extraction
process is rapid and targets the immediately available P pool (Morgan,
1941) corresponding to the requirements of the IPD assay (Wanek et al.,
2019). Secondly, using the IPD approach, the size of the exchangeable P
pool is measured and represents a critical pool that takes part in P ex-
change between soil P reserves and available P (Fig. 1). Exchangeable P
can potentially replenish the available pool, acting as reservoir of P for
plant nutrition.

The overall objective of this study was to characterise and quantify P
turnover in grassland soils as a function of P budget and management.
Currently, decisions regarding application rates of P fertilisers are made
using soil test P without taking into consideration the P reserves stored
within the exchangeable P pool and P turnover rates. To meet this
objective the study focussed on three sub-objectives namely; (1) daily P
turnover rates and mechanisms controlling soil P dynamics in soils
under a long-term P management, (2) the contribution of biotic and
abiotic P fluxes to soil P dynamics in P deficient, balanced, and excess P
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Fig. 1. Schematic representation of the major P fluxes and pools on which the
current study is focused. The available P is defined here as Morgan’s P, or P
immediately available for plants, and the rapidly exchangeable P is the total
amount of the P which can potentially be taken up by plants and microorgan-
isms, including P in the solid phase. The total P influx is the daily rate of P
transfer from the rapidly exchangeable P pool accounting for both P desorption
and P mineralization, and the total P efflux is the reverse daily P flux consisting
of P immobilisation and P sorption. The IPD assays measures the daily P fluxes
and does not account for slower processes linking slowly exchangeable P (P
reserves and legacy P).

soil and (3) the effect of applications of mineral and bio-based fertilisers
on P turnover and P build-up mechanisms. Soils from a long-term field
experiment were used. The soils were collected from sites with a nega-
tive P budget (P deficient soil), a balanced P budget (P balanced soil),
and with a surplus P budget (excess P soil). Soil P turnover rates and
availability were identified under long-term conditions and in the same
soils amended with mineral and bio-based fertilisers using single su-
perphosphate (SSP) and alum treated dairy processing sludge (DPS),
respectively.

2. Materials and methods
2.1. Soil sample collection and characterisation

Soil from a long-term P trial site established in 1968 at Johnstown
Castle, County Wexford, Ireland was used in the study. The soil has a
sandy loam texture and was classified as a humic gleysol (Bourke et al.
2006). The site exists as twelve plots receiving various P in form of
calcium superphosphate at the following annual rates: 0, 15 and 30 kg
P/ha (Culleton et al. 2000; Griffiths et al. 2012) resulting in P deficient,
P balanced, and excess P plots respectively. Phosphorus at the afore-
mentioned rates and potassium in form of potassium chloride at the rate
of 30 kg ha™! yr~! fertilizers were applied to the plots in spring each year
before the start of the grazing season and N fertilizer in form of
ammonium nitrate at the rate of 250 kg ha~* yr~! was applied before
and during the grazing season (Culleton et al. 2000). The plots are
grazed by mature beef cattle from April to October. The stocking rates
and the impact of the long-term P management on the sites soil P status
for each of the treatments sampled for the present incubation study was
previously reported by Tunney et al., 2010. The previously reported
basic soil properties for the tested plots are given in Table 1.

The plots were sampled in April 2020. A composite sample of the top
10 cm of soil was sampled from 3 different locations of each plot. Soils
were air-dried, homogenised and hand sieved to 2 mm. Three intact
cores of 10 cm heights and diameter were also collected from each
paddock for the determination of soil bulk density using British stan-
dards methods (BS 1377-2, 1990). Water-holding capacity (WHC) was
determined after full saturation followed by 48 h of free drainage (Achat
et al.,, 2014). The available P in soil samples was determined using
Morgan’s extractant (Morgan, 1941). The Morgan’s P test is based on
extracting a volume of sample, therefore results are expressed in mg L%,
and can be converted to mg kg™! using soil bulk density if required.
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Table 1
The basic properties of the soil under long term P management — total Phos-
phorus (TP) content, total carbon (TC), dissolved organic carbon (DOC), total
nitrogen (TN) (Griffiths et al., 2012), pH, lime requirement (LR) and bulk
density.

TPmg TOC, DOC TNmg  Bulk pH LR
kg! % g kg! density, g/
kgt ml
P deficient 408 4.1 125 4.4 0.90 5.45 7.5
soil
P balanced 662 5.2 105 4.9 0.87 5.66 5.0
soil
Excess P 918 4.7 97 5.3 0.84 5.62 7.0

soil

Morgan’s P was measured in 3.0 ml of soil extracted with 15.0 ml of the
Morgan’s reagent (Morgan, 1941). Mehlich3 extractable P, Al, Ca, and
Fe were determined using Mehlich3 method (Mehlich, 1984). Briefly
2.0 g of air-dried soil was extracted with 20.0 ml of the Mehlich3
extracting reagent and the concentration of the Mehlich3 P, Al, Ca and
Fe were measured using inductively coupled plasma optical emission
spectrometry.

2.2. Soils amendments and pre-incubation

The sample preparation, pre-incubation, and IPD assay procedure
workflow is shown on the Fig. 2. 100 g of the air-dried and sieved to 2
mm soils were weighed into individual containers. Unamended soils
were used as controls (one 100 g container per soil). To the rest of the
containers DPS and SSP were added in the amount equivalent to 50.0 mg
P kg~! (i.e. 0.13 g of the alum treated DPS and 0.69 g of SSP) and
incorporated into 100 g soils. The soils were brought to 60 % WHC and

Air dried soil (100 g per

container)
C " “Soil reatment D
Unamended SSP (0.6_9 g per DPS (0.1_3 g per
container) container)
—_—— - T T T T T T T T T = —
C Pre-incubation for 6 days at 37°C >

Live soil

—
( Tracer addition in form of [33P]-Phosphoric acid )
ek St 3o
( Incubation for 4h ) ( Incubation for 24h )
< - Soil extraction with Morgan's reagent - )
i ____
( Colourimetric determination of P) ( Liquid scintillation counting )
T et -
— S
( Data processing )
~ -~

Fig. 2. Soils preparation for the IPD assay.
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pre-incubated for 6 days at 37 °C. After the pre-incubation stage twelve
3 ml aliquots where subsampled to individual conical tubes from each of
the container. Six of these aliquots were used for the total fluxes analysis
(live soil) using the IPD assay, and the remaining six replicates where
used as the abiotic controls for determination of abiotic P fluxes. The
abiotic control samples were autoclaved at 121 °C for 20 min 2 times
(Wanek et al., 2019): 24 h and 1 h prior to the IPD assay. Double ster-
ilization was previously used and validated for the IPD assay application
(Wanek et al., 2019) and was chosen to simultaneously reduce enzyme
and microbial activity in the soils which cannot be achieved by biocide
addition. In the present study, it was assumed that the double steri-
lisation method is sufficient for the biotic controls. Chemical indicator
strips were used to confirm the set conditions of each autoclave cycle
were met and no further tests to confirm sterilisation were conducted.

2.3. Isotope pool dilution assay

The IPD assay based on Kirkham & Bartholomew (Kirkham & Bar-
tholomew, 1955) model of nutrient transformation in soil was used to
determine daily total and abiotic P flux rates (Kruse et al., 2015; Wanek
etal., 2019). The total P influx rate represents the sum of daily biotic and
abiotic fluxes (organic P mineralization and desorption) of soil P into the
available P pool. The total P efflux rate represents the reverse P flux (the
sum of P immobilisation and P sorption) from the available P pool. The
Kirkham & Bartholomew model is based on the equation linking time
resolved changes in the nutrient concentration and specific activity in
the soil solution over the time. The method can be used for studying
systems where the following assumptions are true (Di et al. 2000): in a
homogenous system the tracer (31P) and tracee (®*P) behave identically
which is achieved by sufficient homogenisation and equilibration time
(1); the influx of P to the studied system must be unlabelled (2); abiotic P
release (P desorption) has to be determined in sterile soil to avoid
overestimation due to biotic P mineralization and P dissolution (3); P
extraction method must target the available P pool (4); the P efflux
occurs at a ratio of tracer to tracee at any specific time with no
discrimination between the native P and the tracee (5) (Wanek et al.,
2019). The recent studies recommend that rapid P extraction protocols
that are sensitive to available P should be used in the IPD assay (Kellogg
et al., 2006; Wanek et al., 2019) to reduce the risk of underestimating
soil P fluxes. A sodium acetate and acetic acid reagent (Morgan’s
extractant) targeting available P was used in the present study (Morgan,
1941). The Kirkham and Bartholomew model allows to measure P flux
under three scenarios: when immobilization rate is equal to mobilization
rate (1), when immobilization rate is significantly higher that mobili-
zation rate (2), and when the mobilization is significantly higher than
immobilization rate (3). The model allows for the quantification of P
fluxes in a system without isolating the available and exchangeable P
pool from the system thus the possibility of either P flux (influx/efflux
being significantly higher is taken into account (Kirkham & Bartholo-
mew, 1955).

The method of the daily total, abiotic, and biotic P flux rates quan-
tification was described by Wanek et al. (2019) and the workflow of the
IPD assay is shown on the Fig. 5. Briefly, each 3 ml aliquot of live and
sterile soil was labelled with 22,2 KBq of [P33]-Phosphoric acid > 3000
Ci/mmol 10 mCi (370 MBq)/ml) 33p in form of carrier free [3°P]-
Phosphoric acid (Hartmann Analytic GmbH) and thoroughly homoge-
nised. Three replicates of each live and sterile soils were allowed to
incubate for 4 h and the remaining replicates where incubated for 24 h.
At the end of the incubation, soils were extracted using Morgan P extract
P concentration and activity in the soil extracts were measured.

Phosphorus concentration in Morgan’s extracts was measured at 820
nm using the molybdenum blue method (Pansu & Gautheyrou, 2006)
using SPECORD 200 PLUS double-beam spectrophotometer (Analytik
Jena GmbH, Germany). The activity of the extracts was measured after
mixing 0.5 ml of the soil extracts with 4 ml of scintillation cocktail
(Ultima Gold, Perkin Elmer) using a liquid scintillation counter Tri-Carb
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5110 (Perkin Elmer, United States). Due to a short half-life of the 33p all
the activity measurements were decay-corrected using the QuantaSmart
software in-built tool.

2.4. Calculations of P turnover rates and isotopically exchangeable P

All the following calculations are based on the assumption that at the
time of the analysis P influx and soil P efflux are constant and the
following equation is fair according to the Kirkham & Bartholomew
model of nutrient transformation in soil (Kirkham & Bartholomew,
1955).

Cp—Cp, = (I - Ef)(t - to), (¢))

where Cp - P concentration in soil solution after 24 h of incubation, mg
-1
L.

Cpo - P concentration in soil solution after 4 h of incubation, mg L.
I - total P influx, mg P/L soil d"1.

Ef - total P efflux, mg P/L soil d"*.

to and t — incubation time 4 h and 24 h respectively, in days.

Depending on whether the influx (I) or the efflux (Ef) rate is a pre-
dominant flux, or the fluxes are equal, one of the following equations
can be used (Kellogg et al., 2006):

SAy

Cp — Cpo 1]1( SA )

I>Ef 1= , 2
t—1 ln(cc—i?) @
SA
— In(%2
T<pr 1= 2=Cp NG5 S ) @)
t—1ty ln(c;'fu)
T—Bf 1= P (P )
t—1 Cp()

where SA,, and SA; are specific activity of the soil solution at 4 and 24
respectively, Bq-LL.

Knowing value of total influx total P efflux can be calculated from
equation (1).

The appropriate equation was chosen based on a t-test comparing Cp
and Cpg. Where no significant difference was found between the values,
the equation (4) was used. When Cp was significantly higher than Cpg
the equation (2) was used, and when the Cp was significantly lower than
Cpo the equation (3) was used (Kellogg et al., 2006). Egs. (1)-(4) were
used to calculate abiotic P influx and abiotic P efflux with Cp and SA
measurements corresponding to the values measured in autoclaved soils.
The difference between total flux rates and abiotic flux rates represents
biotic flux rates.

The E value which reflects a sum of P in the solution and in the solid
phase and reflects the total amount of the P which can potentially be
taken up by plants and microorganisms can be calculated using equation
(5). In the isotopic dilution method applied in the current study a carrier
free isotope in the form of 3P phosphate was applied. Since in the
labelled soil *P and 3'P phosphates have the same kinetic properties
and behave similarly the specific activity in the available P is equivalent
to a specific activity in the isotopically exchanged P and the following
equation is fair:

R/E =r/Cp 5)
where R - radioactivity introduced to the sample, Bq.

q - P concentration in tested sample, mg L.
r — radioactivity of the sample, Bq.
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2.5. Statistics

All data were tested for normality using Shapiro-Wilk’s test. The
difference between treatments in each soil’s variable was subjected to
one-way ANOVA test. The significance of difference between Cp and Cpg
was subjected to t test. The analyses were carried out using GraphPad
Prism, version 9.3.1.

3. Results
3.1. The main soil P characteristics

Table 2 shows the distribution of soil P pools under long-term P
management (baseline) and shifts from these baseline values when
amended with SSP and DPS at a reference rate of 50 mg P kg™!. Mor-
gan’s extractable P, Mehlich-3 (M3) P and rapidly exchangeable P under
long-term management were the highest in sites with a surplus P.
Mehlich-3 extractable aluminium (Al), and Iron (Fe) did not differ in soil
under different long-term P management, however, M3 extractable
Calcium (Ca), was higher in P balanced and excess P soils. The P defi-
cient soil under long-term management of zero P, recorded the lowest
total carbon (TC) content compared to the P balanced and excess P soils
(Table 2).

The application of SSP at a rate of 50 mg P kg~ led to a statistically
significant increase in Morgan’s P, E-value, and Mehlich3 P (p < 0.05).
Similarly, the application of DPS led to a significant increase (p < 0.05)

Table 2

The main soil P characteristics determined for the unamended soils from a long-
term P management and the soils amended with P fertilisers: exchangeable P (E),
Mehlich3 extractable P (M3 P), aluminium (M3 Al), Calcium (M3 Ca) and iron
(M3 Fe), and total carbon content (TC).

P deficient soil

E, mg Morgan P M3 P, M3 M3 M3 TC,
L mg L1 mg Al,mg Ca, Fe,mg %
k' kgt! mg kg™t
kg!

Baseline 50.5 23+ 51.8 751 908 435 4.1
+3.5 0.05

SSp 238.4 154 + 86.3 691 898 492 3.2
+24.3 0.5

DPS 96.7 9.3+0.2 80.2 712 889 402 3.6
+75

P balanced soil

E, mg Morgan P M3P, M3 M3 M3 TC,
LY mg LV mg Al, Ca, Fe, %
kg™'  mg mg mg
kg™! kg! kg™!
Baseline 90.7 48 +0.4 84 639 1961 410 5.2
+7.6
SSP 267.4 15.7 + 132.8 533 1965 603 5.0
+ 4.3 0.4
DPS 125.2 15.3 £ 147.3 637 2032 386 4.7
+ 3.8 0.9
Excess P soil
E, mg Morgan P M3 P, M3 M3 M3 TC,
L mg L mg Al, Ca, Fe, %
kg™!  mg mg mg
kg™! kg™! kg!
Baseline 138.6 12.6 + 169.7 798 1369 558 4.7
+16.6 0.1
SSP 294.7 18.7 £ 223.9 728 1385 563 4.1
+ 325 1.1
DPS 160.7 179 + 231 759 1400 498 4.2
+ 28.4 0.2

*Measured in volume of soil sample and normalized by volume.
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from baseline values across all the P pools with the highest values
recorded in the excess P soil followed by P balanced and P deficient soils.
No change in M3 extractable metals was recorded in the SSP and DPS
amended soils wile TC decreased slightly in all treatments (Table 2).

3.2. Total soil P fluxes supplying plant available and rapidly
exchangeable P pools

Under long-term, zero P management, the fluxes in the P deficient
soil favoured P efflux from the available P pool back into the
exchangeable pool. The total P influx into the available P pool was 1.6 +
0.4 mg P/L day ! while the reverse flux (efflux) into the exchangeable P
pool was 3.7 + 0.6 mg P/L day’1 in the P deficient soil (Fig. 3 a). In the P
balanced soil and excess P soil the total P fluxes were more balanced
with comparable rates of total influx and efflux. In the P balanced soil
the total P influx of 5.0 + 0.2 mg P/L day ! and total P efflux of 5.2 +
0.1 mg P/L day*1 were recorded (Fig. 3 b). In the excess P soil total
fluxes were the highest with total P influx was 5.5 + 0.5 mg P/L day*
and total P efflux was 6.3 + 2.1 mg P/L day ! (Fig. 3 c).

The application of SSP significantly increased (p < 0.05) P turnover
rates across all soils. Both total P influx and efflux increased and resulted
in more balanced total P fluxes in the P deficient soil (Fig. 3 a). The total
P influx in P deficient soil reached 12.8 + 3.8 mg P/L day ' and total P
efflux was 11.5 + 5.2 mg P/L day ! (Fig. 3 a). In the P balanced soil,
total P influx and total P efflux increased to 13.5 &+ 1.4 and 14.7 + 1.2
mg P/L day ! respectively (Fig. 3 b). The excess P soil amended with SSP
recorded the highest P turnover rates resulting in total P influx and total
P efflux of 20.9 + 4.3 and 20.5 + 2.5 mg P/L day ' respectively (Fig. 3
c). Similarly, the application of the bio-based fertiliser significantly
increased (p < 0.05) soil P turnover rates, however the magnitude of the
increase was lower compared to the recorded increase when SSP was
applied at the same rate (Fig. 3). Phosphorus turnover rates were un-
balanced in the P deficient (Fig. 3 a) and P balanced soil (Fig. 3 b) when
amended with DPS, with the predominant flux being total P efflux, into
the exchangeable pool. In the excess P soil amended with DPS, balanced
P turnover rates were recorded (Fig. 3 c). The total P influx in the
amended P deficient, P balanced, and excess P soils increased to 4.0 +
0.4,3.8 + 1.1 and 13.6 & 0.6 mg P/L day ! respectively. Total P efflux
recorded in the soil amended with DPS was 5.2 +1.4,8.3 + 0.9 and 13.5
+ 1.0 mg P/L day ! respectively (Fig. 3).

3.3. Contribution of abiotic process to soil P fluxes

The contribution of biotic and abiotic fluxes was expressed as per-
centage of the total P fluxes (Fig. 4). The distribution of the abiotic and
biotic P fluxes in soils under long-term P management varied with P
status and management. Abiotic processes (P desorption and P adsorp-
tion) were predominant in the excess P soil accounting for up to 85 % of
the total P influx and 95 % of the total P efflux (Fig. 4. ¢) under long-term
applications of 30 kg P ha/yr. In the P balanced and P deficient soils the
proportion of the biotic P was greater than those observed under excess
P conditions. Up to 56 % of the total P efflux and up to 33 % of total P
influx accounted for the abiotic P processes in the P balanced soil, in
which long-term P management reflected P inputs that are balanced
with P removed in offtakes (Fig. 4. b) (Culleton al. 2000). In the P
deficient up to 57 % of the total P influx and up 39 % of the total P efflux
were contributed by abiotic processes (Fig. 4 a).

When soils were incubated with 50 mg P SSP the distribution of the
biotic and abiotic P fluxes shifted in the P deficient soil. Both abiotic P
influx and abiotic P efflux became predominant in this treatment (Fig. 4
a) exceeding 95 % of the total P fluxes. A change in the abiotic and biotic
P fluxes distribution was less pronounced in the P balanced and excess P
soils where the proportion of abiotic P influx increased following incu-
bation with SSP (Fig. 4 b, c).

The relative contribution of the biotic P effllx increased across all
soils amended with DPS (Fig. 4). When soils were incubated with DPS
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Fig. 3. Total P fluxes in the unamended soils under a long-term P management
and in the soils amended with mineral fertilisers (SSP) and bio-based fertil-
isers (DPS).

the distribution of the abiotic and biotic P fluxes differed from those
recorded in the SSP amendments. The relative contribution of the biotic
P influx remained comparable with the unamended soil under P defi-
cient conditions (Fig. 4 a). In the P balanced soil incubated with DPS up
to 79 % of the total P influx and 48 % of the total P efflux were
contributed by biotic processes. In the excess P soil contribution of the
biotic P influx increased to 50 % in the total P influx and to 42 % in the
total P efflux.
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Fig. 4. The relative contribution of the biotic and abiotic P fluxes to total P fluxes in the unamended soils under a long-term P management and in the soils amended

with mineral fertilisers (SSP) and bio-based fertilisers (DPS).

4. Discussion

4.1. A long-term P management leads to stabilization of available P levels
and balanced turnover rates

Previous studies on the long-term P trial and results of the Morgan’s
P recorded in our study indicate that soil P availability remained stable
over the last 20 years (Tunney et al., 2010). This allowed us to measure P
turnover rates under stable conditions as baseline values. In the P defi-
cient soil the relative stability of the available P pool size could be
influenced by several factors, namely; a partial return and recycled
organic matter to the grazed sward (Griffiths et al., 2012) or by the
storage of the P within a labile P pool that is not extracted by the
Morgan’s reagent (Power et al. 2005). The stable Morgan’s P level in the
P balanced soil could be attributed to the long-term site management
where P inputs were matched with offtakes (Culleton et al. 2000). Sta-
bilization of the Morgan’s P level in the excess P soil indicates a transfer
of the excess P to a P reserve (legacy P) which is not reflected in the
Morgan’s P test such as E and Mehlich3 P. There are limited data
available on the links between Mehlich3 P and the rapidly exchangeable
P pools, however some isotope tracing studies involving plant growth

have reported that Mehlich3 reagent extracts both rapidly exchangeable
P and a fraction of non-available P (Six et al., 2012). In the scope of the
current study this suggests that M3P can act as P reservoir allowing some
stabilization of P levels in soils under long-term P management.
Similarly, to Morgan’s P the size of the rapidly exchangeable P pool
was measured in the volume of soil and normalized on the volume basis.
The P deficient soil under long-term zero P management, was charac-
terised by low E values of 50.5 + 3.5 mg L"! and imbalanced P turnover
rates of 1.6 + 0.4 mg P/L day ! (total P influx) and 3.7 + 0.6 mg P/L
day™! (total P efflux). The prevailing total P efflux suggests that, a P
deficiency in the exchangeable P pool favours a build-up of this pool
through a flux of P from the available P pool, and that this is the
preferred mechanism of P turnover, which may restrict P availability for
crops. Under this scenario, when fertiliser P is added, the increase in the
available P pool may also be limited because the turnover mechanism
will still favour P efflux from the available P pool into E, until the P pools
and fluxes equilibrate. The predominant total P efflux in the P deficient
soil suggests that P deficiency in the exchangeable P pool leads to an
increase P flux from the available P pool to replenish P reserves. Our
findings are in agreement with the values reported by Wanek et al.
(2019) who found that in P deficient sites total P efflux is a predominant
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Fig. 5. A conceptual diagram of soil P cycling in the soils under long-term P management and in the soils amended with mineral and bio-based fertilizers.

process. Despite the observed P stabilization in available P level reported
for the studied site in previous studies (Tunney et al., 2010) the observed
distribution of the P fluxes suggest that regulation of P levels in this site
occurs through processes which may not be captured by the IPD method.
Firstly, even without inputs of P fertilisers a fraction of nutrient is
returned to soil with animal waste and through decomposition of
organic matter. Another mechanism that allows supply of available P
under P deficiency, which cannot be captured by the IPD assay, is
dissolution of precipitated P. Due to the relatively short timeframe the
IPD assay is conducted over, it may not be sensitive for quantification of
slowly exchangeable P and the P fluxes from the slowly exchangeable P
pool.

In the P balanced soil, the recorded P fluxes were equal confirming
that the system was at equilibrium. The equilibrium was likely due to the
equal P inputs matching removal rates under long-term conditions,
allowing maintenance of the rapidly exchangeable and available P pools
at the optimum level (Culleton et al. 2000). The balanced P turnover
between the P pools confirms that the current site management is suf-
ficient for crop production and prevents depletion of the critical P pools
for crop production. This can be confirmed by the earlier studies which
did not indicate any nutrient deficiency in crops and microbial com-
munity in the P balanced site (Griffiths et al., 2012).

In the excess P soils we observed the highest soil P turnover rates,
however total P fluxes were relatively balanced with total P influx of 5.5
+ 0.5 mg P/L day ! and total P efflux of 6.3 + 2.1 mg P/L day?, sug-
gesting that even with oversaturated available P pool the system was
still at the equilibrium. No signs of the available P build-up, such as a
preferential total P influx to the available P pool (Morgan’s P), were
observed. This is in the agreement with earlier studies (Tunney et al.,
2010) and suggests that available P pool tends to stabilize under long-
term P management and the excess P is stored within another P pool,
possibly, Mehlich3 extractable P, as legacy P stores.

4.2. Phosphorus turnover and availability in soils amended with mineral
and bio based fertilisers

Changes in the soils’ P pool sizes and turnover rates following the
application of mineral and bio-based fertilisers is summarised in the

conceptual model of soil P cycling in Fig. 5. The application of both SSP
and DPS to the P deficient soil led to an increase across all the tested P
pools. However, compared to the SSP treatment, which allowed a build-
up of Morgan’s P to 15.4 + 0.5 mg P/L and E to 238.4 + 24.3 mg P/L,
the magnitude of increase in the DPS treatments was lower with the final
values of Morgan’s P and E values of 9.3 + 0.2 mg P/L and 96.7 + 7.5
mg P/L respectively. The resulting Mehlich3 P was comparable in both
DPS and SSP amended P deficient soil. Similarly, the increase in the P
turnover rates differed depending on the amendment. The application of
SSP produced an eightfold increase in the total P influx and a threefold
increase in the total P efflux from baseline values resulting in total P
influx rates of 12.8 + 3.8 mg P/L day ! and total P efflux 11.5 + 5.2 mg
P/L day . An increase in Morgan’s P and P turnover rates with the total
P influx becoming the predominant flux in the P deficient soil amended
with SSP indicates that the rapidly exchangeable P pool had reached its
optimum and a build-up of the available P pool was occurring at this
stage. The magnitude of increase in the total P fluxes in the DPS
amended soils was almost twofold lower compared to the SSP amend-
ment resulting in total P influx and total P efflux of 4.0 + 0.4 and 5.2 +
1.4 mg P/L day ! respectively. The total P efflux was still the predom-
inant P flux in the P deficient soil amended with DPS indicating an
ongoing exchangeable P pool build-up being the preferred process in this
amendment. A lower response in the P available pool to the DPS
application is likely associated with a slower P build in the exchangeable
P pool which had not yet reached an optimum. Thus DPS is possibly less
efficient for building up available P under P deficient conditions. An
increase of P turnover rates and a build-up of the rapidly exchangeable P
pool is required in the first instance in order to achieve more efficient
supply of the available P to meet crop demand.

In the P balanced soil, the application of SSP led to a threefold in-
crease in both available and rapidly exchangeable P pools. The total P
fluxes also increased with this treatment with a twofold increase in the
total P influx and a threefold increase in total P efflux. The application of
DPS increased Morgan’s P and E-value, however, the magnitude of in-
crease in the rapidly exchangeable P was lower compared to the SSP
treatment. Furthermore, a decrease in the total P influx from baseline
conditions was recorded in this treatment. This suggests that similar to
the P deficient soil the exchangeable P pool build-up was the
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predominant mechanism and a large fraction of the P applied as DPS was
used to build up this pool. Phosphorus from applied DPS was immobi-
lized by soil microbiota as evidenced by an increase in the biotic efflux in
this treatment (Fig. 3).

Under excess P conditions, the application of both mineral and bio-
based fertilisers led to P influx into the available P pool becoming the
prevailing mechanism. Similar to the P deficient and P balanced soil, the
magnitude of increase of the E value and P turnover rates was higher
when amended with SSP which recorded a twofold increase in E value
and fourfold increase P turnover rates. A 15 % increase in the E-value
and a twofold increase in P turnover rates was recorded in the DPS
amendment. A significant increase in Morgan’s P following incubation
with fertilisers at 50 mg P kg~! was observed suggesting a shift from
balanced P turnover rates leading to a spike in total P influx resulting in
the increasing Morgan’s P with this rate of P amendment.

The application of SSP and DPS led to a disproportionate increase in
E-values in all soils with higher values recorded in the SSP amendments.
However, the resulting M3P values were comparable in soils amended
with both SSP and DPS. The high Mehlich3 P values and a proportional
growth in this P pool regardless of the used fertilisers confirms that
Mehlich3 P is capable of extracting a fraction of both rapidly
exchangeable (up to 24 h) and slowly exchangeable P (McCray et al.,
2012; Six et al., 2012). The slow build-up of the available and rapidly
exchangeable pools in the DPS amended soils could be due to a larger
fraction of slowly exchangeable P in DPS measured in the M3P extracts
but not reflected in the IPD assay timeframe (<24 h). This fraction of the
applied P can potentially be released over the longer period. This was
reported in earlier studies of alum-treated DPS P availability which
found that DPS fertiliser equivalency value was low, post application,
and increased over the growing season (Ashekuzzaman et al., 2021).
Additionally previous studies of the recycled P fertilisers derived from
manure and sewage sludge (Achat et al., 2014; Wollmann et al., 2018)
indicated that depending on the recycling approach P solubility may
vary impacting by this P availability. Our results suggest that while
generally DPS is less effective in building up E and Morgan’s P, the in-
crease in M3P is comparable with M3P in soils amended with SSP. The
M3P is responsible for storage of the slowly exchangeable P a fraction
which potentially can be accessed by crops as evidenced by (Ashe-
kuzzaman et al., 2021).

The results of the present study provide an insight into differences in
mechanistic behaviour when novel recycled P fertilisers and mineral
fertilisers are applied to soil. Future research could focus on larger scale
experiments under growing conditions to describe P uptake and
contribution of P dissolution and release from the recycled fertilisers.
Extended time frames of the experiments and eliminating uncertainties
associated with the use of pseudo replicates will also unlock information
on optimal application times from recycled fertilisers and inform
growers on their agronomic performance and environmental safety.

4.3. The fixed capacity of the rapidly exchangeable P pool

The application of SSP led to a sharp increase in E-values which fit
into a relatively narrow range of 238 and 295 mg L across all soils,
regardless of initial P status. This indicates that as sorption sites are
occupied and the rapidly exchangeable P pool is replenished and full,
the rate of increase in the size of this pool slows down, or reaches a
saturation point. At this point excess applied P remains in the available
and/or Mehllich3 extractable P pool. The amount of adsorbed P, some of
which is stored within the rapidly exchangeable P pool, is controlled by
adsorption/desorption characteristics of the soil, and saturation of this P
pool will lead to P transfer to soil solution and potentially to P losses
(Borling et al. 2001). The capacity of soil to retain P is determined by
soil’s OM content (Daly et al. 2001), clay content (Sollins et al. 1996)
and mineralogy (Uygur, 2009). Previous research utilizing P isotope
exchange kinetics data confirmed that E-value is also determined by the
soil P status and soil P input-out balance (Morel & Plenchette, 1994), Fe,

Geoderma 430 (2023) 116288

Al and clay content and pH (Stroia et al. 2007) suggesting that the size of
the exchangeable P pool is closely related to the soil’s sorption capacity.
Our results suggest that the application of SSP to the soils led to a pro-
gressive saturation of sorption sites resulting in a decrease of the ratio
between concentration of the phosphate ions remaining in the soil so-
lution and adsorbed phosphates (Limousin, 2007). It is unclear whether
application of SSP led to a full saturation of the sorption sites or the
plateauing E-values could be due to a decrease in adsorption energy a
sites were occupied and approaching maximum. However the results
suggest that in SSP treated soil, the P sorption mechanism can be
described by an r-shaped sorption isotherm (Dunne et al. 2021a;
Limousin 2007). In contrast, similar E values were not reached (or
plateaued) after applications of DPS and showed no indication of satu-
ration of sorption sites in these soils. Croffie et al. (2022) reported that
the application of the alum-treated DPS to soils increased the P binding
energy (k) in amended soils. The P binding energy (k) is a Langmuir
sorption parameter that directly influences the sorption-desorption
mechanism and subsequent management of P on agricultural soils
(Dunne et al., 2021a; Dunne et al., 2021b; Fan et al., 2021). Higher k
values in soil are typically associated with strongly bound P that is slow
to solubilise. Although the E pool capacity was not altered by the DPS
amendment, DPS was associated with a slower sorptive mechanism, as
evidenced by slower turnover rates and a gradual increase in E values
when added to soil.

4.4. Physicochemical and biological controls of soil P cycle, contribution
of biotic vs abiotic fluxes

Previous P isotope tracer studies focused on the determination of the
biotic P influx which is often reported as an organic P mineralization
rate with very limited data available for the reverse biotic P flux
reflecting P immobilization rates (Biinemann et al., 2007; Kellogg et al.,
2006; Oehl et al., 2004; Wanek et al., 2019). Biotic P influx values
determined for the soils under long-term P management in our study
corresponded to values previously reported in literature (Meyer et al.,
2017; Wanek et al., 2019). A fraction of the biotic P influx was impacted
by the previous long-term P management and P availability in the soils,
but not by the size of the rapidly exchangeable pool. The relative
contribution of the biotic P influx was higher in the P deficient soils and
soils amended with bio based fertiliser. Earlier studies also reported that
in low P tropical (Wanek et al., 2019) and P deficient sandy forest
(Blinemann et al. 2016) soils biotic P mineralization is a predominant
constituent of total P influx, while in temperate (Wanek et al., 2019) and
forest (Biinemann et al., 2016) soils with higher available P content,
abiotic P influx was predominant. The effect of soil P availability on the
distribution of abiotic and biotic P fluxes was also reported by Pistocchi
et al. (2018) who found that limited P availability was linked to a rapid
labile P cycling through soil biota under P nutrient deficiency condi-
tions, which further restricted the influx into available P pool (Pistocchi
et al., 2018). These results concur with results reported in this study on
the P deficient soil under long-term P management, with the highest
contribution of the biotic P turnover rates and limited P influx into the
available P pool. Previous studies on the same sites, identified that the P
management had a significant impact on the microbial community
structure and soil microbial P pool (Griffiths et al., 2012). The authors
reported that the P deficient soil differed in the microbial community
structure with an increasing fungal-to-bacteria ratio as P application
rates decreased. P respiration data from the P deficient soil have also
indicated strong P limitation of the microbial biomass (Griffiths et al.,
2012) which is likely to be responsible for accelerated biotic P turnover
rates and prevailing immobilization (Pistocchi et al., 2018; Zhang et al.,
2018).

The application of SSP led to a decrease in the proportion of biotic P
influx across all the soils. This could be a direct effect of an injection of a
highly available form of inorganic P into the system or an effect of
removing P limitation from the microbial community which would lead
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to decrease in biotic P turnover rates (Pistocchi et al., 2018). While the
relative contribution of the biotic P influx decreased with SSP applica-
tion in agreement with previous IPD studies, we also observed a slight
increase in relative contribution of the P immobilization rate in the P
balanced and excess P soils. This observation could be caused by the
difference between the microbial community structure in the soils
without P limitation (Griffiths et al., 2012) and could be associated with
higher P immobilization due to an increased biological activity in the
soil receiving an excessive amount of nutrients and a shift of the mi-
crobial community towards a bacterial dominated (Graca, 2018).

The change in the relative contribution of the biotic to abiotic P
fluxes in the DPS amended soils was less pronounced compared to SSP
amendments. This can be associated with different P solubility of each
fertiliser. For instance, while 70 % of TP in form of inorganic soluble
phosphates (Mackay et al., 2012), chemically treated bio based fertil-
isers generally have smaller fraction of soluble P due to elevated con-
centrations of P precipitating metals (Kratz & Schnug, 2010; Moller
et al.,, 2018; Shi et al., 2021; Wollmann et al., 2018) and potentially
need to undergo an intermediate step of solubilisation of precipitated
and mineralization of organic P. Therefore contribution of biotic P influx
remain consistently high in P deficient and optimal P soils amended with
DPS and only decreases in excess P soil, which had no P limitation in the
rapidly exchangeable and available P pool even prior to DPS application.

5. Conclusions

The results of this study indicated that soil P turnover and the size
and distribution of P in available and exchangeable pools under long-
term P management were influenced by soil P inputs. Under zero P in-
puts a P deficiency in available and rapidly exchangeable P pools was
observed coupled with slow unbalanced P turnover. Furthermore, biotic
processes contributed to P turnover facilitating P transfer from the
available into the exchangeable P pool as the predominant mechanism
under P deficiency. These processes likely limit the build-up of the
available P pool. Under the balanced P scenario higher more balanced
turnover rates were recorded indicating that system was at equilibrium.
The excess P soil recorded the highest P turnover rates which became
relatively balanced over long-term management of excess P inputs. The
high and equal P turnover between the available and the rapidly
exchangeable P pools suggest that while in the excess P soil a large
fraction of P remains in the available P pool, the excess P applied to this
soil is likely stored in the less available secondary P reserves.

The response to application of SSP and DPS suggests that the rapidly
exchangeable P pool has a fixed capacity. Following application of DPS a
gradual increase in the rapidly exchangeable P pool was recorded
whereas SSP application led to a rapid increase in the exchangeable P
pool with values plateauing regardless of the initial P status. Nutrient
management on soils using bio-based fertilisers needs to account for
longer build-up times of available P. Additionally, under the scenario
where the rapidly exchangeable P pool is saturated, the application of
excess P fertilisers poses a risk of legacy P deposition in the non-
exchangeable or slowly exchangeable soil P pools with limited avail-
ability for crops.
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