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ARTICLE INFO ABSTRACT

Handling Editor: Matthew Tighe In order to improve crop nutrition, phosphorus (P) fertiliser is increasingly being applied in concentrated bands.

Although information is available regarding the sequence of reactions that occur within the band itself,

Keywords: comparatively little is known regarding the reactions controlling P diffusion and availability further away from
Fertiliser banding fertiliser bands. In particular, no previous experiments have utilised in situ methods to examine P speciation with
PhOSp},loms increasing distance from the band. The present study used two contrasting soils in an incubation experiment to
Potassium . . . . e o1 P .

Precipitation investigate the impact of soil characteristics, form of P fertiliser, and the co-application of potassium (K) on
Speciation changes in P speciation and availability up to 40 mm away from the fertosphere (i.e., volume of soil which
Adsorption includes the fertiliser band and the fertiliser-enriched soil immediately adjacent band). Precipitation of

aluminium-P (Al-P) minerals were important for regulating P availability within the fertosphere itself, with this
precipitation of Al-P minerals largely driven by changes in fertosphere pH (soluble Al) and solution P. However,
adsorption processes were important for controlling P diffusion from the band, primarily by decreasing con-
centration gradients between the fertosphere and bulk soil. The choice of P fertiliser form was more important in
the soil with a low P sorption capacity, where the pH of the fertiliser saturation solution strongly influenced
precipitation reactions and P availability. Co-application of K with P fertilisers had the greatest impact on P
availability in the soil with a higher concentration of exchangeable cations — these cations could be displaced by
the K and precipitate with P. This study therefore demonstrates that P distribution is influenced by soil char-
acteristics, but that P availability is primarily impacted by fertiliser choice and the composition of the nutrient
blend in the fertosphere — these findings have important implications for improving P use efficiency in cropping
systems.

1. Introduction

Phosphorus (P) is an essential element in global food production due
to its critical role in the photosynthetic process. Since soil supply of P to
plants is often inadequate, the P demand of agricultural crops is
frequently met through the addition of P fertilisers, with the latest es-
timates indicating an average application of 28 kg P ha™! of cropland,
globally (FAO Statistics, 2021). However, the efficiency of in-season
plant uptake of fertiliser P is very low (8-30 %; Blackwell et al., 2019,
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Prasad et al., 2016). Crop P acquisition is particularly challenged in
semi-arid agricultural systems where plants are reliant on water stored
at depth for growth. In these systems, deep placement of P within the soil
profile is necessary to avoid nutrient deficiencies and to overcome
stratification of P in surface soil that can be dry for extended periods
(Freiling et al., 2022, Singh et al., 2005). However, the cost, soil struc-
tural disruption, and water loss caused by deep P placement means that
applications are made infrequently but at high rates to supply nutrients
over multiple seasons. Consequently, practical deep P placement
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strategies result in fertiliser bands that are highly concentrated and
characterised by increases in the local salt concentration and changes in
pH that can collectively affect the dynamics of P in the fertiliser band
and surrounding soil (i.e., fertosphere; Ernani and Barber, 1991, Meyer
et al., 2021, Werner and Strasser, 1993). This modification of soil
chemistry within the fertosphere of P fertiliser bands may create con-
ditions that are hostile to plant roots (Zhang and Rengel, 1999), limiting
plant access to P in the soil solution surrounding the fertiliser band
(Moody et al., 1995). Accordingly, the modification of soil chemistry in
response to fertiliser application, the speciation of P and the distribution
of available P at increasing distance from the fertosphere of fertiliser
bands are likely to be important factors influencing the efficacy of
banded P fertilisation.

Diffusive transport of P from fertilisers in soil is dependent on several
interdependent factors including, (i) the concentration gradient between
the source (fertiliser) and the bulk soil; (ii) amount of labile P; (iii) P
adsorption capacity of the soil; and (iv) the water content in the soil
matrix (Degryse and McLaughlin, 2014, Eghball et al., 1990, McBeath
et al., 2012, Olsen and Watanabe, 1963). Consequently, soil physico-
chemical properties which are linked to P availability and adsorption
capacity are likely to have a substantial impact on the rate of P diffusion
from concentrated bands. These include clay content, P buffering ca-
pacity, cation availability, pH, aluminium (Al) and iron (Fe) oxides, and
calcium carbonate (CaCOs3) content (Daly et al., 2015, Meyer et al.,
2021, Parfitt, 1979). It is hypothesised that soils with lower P sorption
capacities will enable greater diffusion of P from fertiliser bands (i.e.,
creating a greater volume of P enriched soil) due to reduced adsorption
to the solid phase, whilst soils with lower cation (Al, Fe, calcium (Ca))
solution concentrations will enable greater P diffusion from the band
due to decreased cation-P precipitation (Hypothesis 1).

Whilst soil properties are the dominant factor regulating P avail-
ability when the fertiliser is dispersed (mixed/incorporated) within the
soil volume, the form of P fertiliser and its subsequent reactions in soil
also become key aspects influencing P availability in and around fer-
tiliser bands (Degryse and McLaughlin, 2014, Meyer et al., 2021). There
is a range of P fertilisers used in agricultural systems worldwide,
although the most commonly used include those which are most effec-
tive at increasing the soluble orthophosphate concentration in soil so-
lution viz. monocalcium phosphate (MCP), monoammonium phosphate
(MAP), and diammonium phosphate (DAP) (Sample et al., 1980). The
availability of P from fertilisers is largely dictated by the pH of the
saturated fertiliser solution and subsequent interactions of P in the
saturated solution with soil cations and solubilised organic matter
(Hedley and McLaughlin, 2005). The saturated solutions of MCP (pH 1.0
—1.5) and MAP (pH 3.5) are both highly acidic whereas that of DAP (pH
8.0) is alkaline (Sample et al., 1980). Acidic saturated P solutions,
particularly that of MCP, may mobilise soil silicon (Si), Fe, Al, manga-
nese (Mn), Ca, magnesium (Mg) and potassium (K) through partial
dissolution of minerals, although concentrations and subsequent pre-
cipitation products will depend on the cation composition of the soil.
Under the more alkaline conditions of saturated DAP solution,
exchangeable cations such as Ca%" and Mg?* can be displaced by NH4
and K*, increasing the likelihood of Ca- and Mg-phosphate formation
(Moody et al., 1995, Sanyal and Datta, 1991). Understanding the nature
and distribution of precipitation products derived from saturated P
fertiliser solutions is particularly important for banded P application
where precipitation reactions dominate and P adsorption is not
(initially) a significant factor influencing P availability (Lombi et al.,
2004). However, since adsorption of P is highly important in regulating
its availability and mobility in soils, determining how far the saturated
solution disperses will enable identification of the zone where precipi-
tation reactions begin to decrease, and adsorption becomes the domi-
nant process controlling soil solution P concentrations. Low solution P
concentrations would decrease the expected rate of P diffusion to soil
further from the band. It is postulated that the zone of greatest P
availability around bands will occur where (i) P that is in excess of the

Geoderma 429 (2023) 116248

precipitation capacity of the saturated solution (i.e., the amount of
cations available to precipitate P within the fertosphere) can diffuse to,
and the chemical conditions of soil enable dissolution of readily soluble
precipitates; and (ii) P adsorption processes do not exceed the diffusive
supply of P in solution (Hypothesis 2).

Finally, co-application of other nutrients with P fertilisers may in-
fluence P speciation dynamics and availability of P to plants. Of
particular interest is the interactive effects of the macronutrient K,
which is often applied as potassium chloride (KCl, muriate of potash) in
blends with P fertilisers. Addition of KCl with P fertilisers has been
shown to cause both increases and decreases in plant-available P, with
three key reactions proposed: (i) direct precipitation of K-Al-P minerals
(Lindsay et al., 1962, Taylor and Gurney, 1965); (ii) indirect precipita-
tion of P via displacement of exchangeable cations on clay minerals
(Akinremi and Cho, 1993, Cho, 1991, Kim et al., 1983); or (iii) induced
changes in soil solution electrical conductivity (EC), modifying P
adsorption to soil minerals (Ernani and Barber, 1991). While recent
research by Meyer et al. (2020; 2021) indicates that factors other than
co-application of K to P fertiliser bands had greater impacts on P
availability within the fertosphere, it is possible that the influence of this
cation on soluble P concentrations becomes more important as the
chemical environment changes with increasing distance from the fer-
tosphere. It is hypothesised that co-application of KCI with P fertilisers
may initially form more precipitates (either directly or indirectly via
displacement of cations on the soil exchange) which will reduce solution
P concentrations and the subsequent diffusion of P from the band.
However, as pH changes are buffered and soluble P diffuses away from
the saturated fertiliser solution over time, precipitates formed with K or
other exchangeable cations may be readily dissolved back into solution
(Hypothesis 3).

This study aims to tests these three hypotheses by examining P
speciation and availability dynamics within the fertosphere and up to
40 mm from the centre of the fertosphere during an incubation experi-
ment. Synchrotron-based X-ray adsorption near edge structure (XANES)
at the K-edge and thermodynamic modelling enabled in situ assessment
of P forms, and both isotope exchange kinetics (IEK) and resin-extraction
methods were used to assess the availability of P. Measurements were
taken at increasing distances from the fertosphere of two P fertilisers
(MAP and DAP), with and without co-applied K. These fertilisers have
distinct differences in saturation solution chemistry and were deployed
in soils with contrasting physico-chemical properties (Vertisol and
Acrisol). Understanding of the impact of soil characteristics, P fertiliser
selection, and co-application of K, on P availability within and sur-
rounding fertiliser bands enables more efficient and sustainable P
management within agricultural systems.

2. Materials and methods
2.1. Soils and nutrient application

Two soils were collected from the top 0-10 cm of the soil profile,
being a Vertisol (Queensland, Australia) and a Acrisol (New South
Wales, Australia) (classified according to the World Reference Base;
1USS Working Group WRB 2015. These soils are classified as a Vertosol
and Kandosol in the Australian Soil Classification). These soils were
selected on the basis of their contrasting physico-chemical properties
(Table 1) and previously demonstrated differences in P dynamics and
availability (Meyer et al., 2020). Briefly, the Vertisol has a higher pH,
clay content, CEC, Al and Fe oxide content, P buffering index (PBI), total
P, and measured Colwell-P (cf. the Acrisol).

Two P fertilisers were used, namely MAP (NH4H2PO4) and DAP
(INH4]2HPO4). These two fertilisers were chosen because of their
different solution pH and their global dominance as P fertilisers (in
2020, use of products [‘000 t] was DAP [35,557] > MAP [32,313] >
triple superphosphate [4,840]; International Fertilizer Association,
2022). Since K is often applied with P fertilisers to avoid deficiencies of
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Table 1
Key soil properties prior to fertiliser addition.
Unit Vertisol Acrisol

Sampling depth m 0.1-0.3 0.0-0.1
pH in H,0(.5)" 7.5 5.8
pH of soil solution” 6.5 5.5
EC in HyO(.5)" dSm™ 0.08 0.1
EC of soil solution® dSm™ 0.70 1.80
Clay® gkg! 667 175
Ald, mg kg ! 1489 496
Fed, mg kg ! 3212 913
Total P¢ mg kg™! 549 200
Colwell-P mg kg ! 37 15
Phosphorus buffering index PBI 144 40
Exchangeable Caf cmol;, kg™? 221 2.9
Exchangeable K cmol(;y kg™ 0.1 1.0
Exchangeable Mg' cmol ;) kg™? 10.2 0.5
Exchangeable Naf cmol; kg™? 0.4 0.0
eCECf cmolc ) kg ! 32.8 4.4
Field capacity water content® g H,0 kg ™! 452 202
Organic C" gkg! 6.1 8.7

2 In water extracts; In soil solution extracted using hollow fibres; “Particle
size analysis — hydrometer method; ‘Oxalate extraction; *Digestion with HNOz/
HCI/HF acids in a microwave; ‘No pre-treatment; 80.1 bar pressure plate; "Du-
mas high-temperature combustion with chemical pre-treatment.

this macronutrient but frequently reports mixed outcomes on P avail-
ability (Ernani and Barber, 1991, Meyer et al. 2020), the effect of K co-
application was also investigated through application of reagent grade
KCl. All nutrient sources were ground to <250 um prior to application to
ensure homogeneity and to avoid confounding effects associated het-
erogeneous distribution of granules within the fertosphere.

Fertiliser treatments were made by mixing the ground P and K
sources with air-dry soil (sieved to 2 mm) to create ‘fertosphere’ soil.
The fertosphere soil represents the volume of fertiliser-enriched soil, viz.
the fertiliser band and the surrounding soil volume which is directly
altered by the fertiliser. Phosphorus treatments were applied at a rate
equivalent to 40 kg P ha™! applied in bands that were 1 m apart,
resulting in a fertosphere concentration of 8.2 g P kg~ soil (total
application of 245 mg P in the Vertisol and 278 mg P in the Acrisol due
to varying bulk densities; see Supplementary Material Part A and Meyer
et al. 2020 for full calculations). The KCI was added at a rate equivalent
to 100 kg K ha™! (total application of 612 mg K in the Vertisol and 694
mg K in the Acrisol), with the equivalent in-band concentration calcu-
lated as 20 g K kg~ ! soil. These in-band concentrations of P and K are
representative of the higher end of fertiliser application rates for these
nutrients for summer row cropping in the grains industry of northern
Australia.

2.2. Experimental design and incubation

The effect of soil properties and P form was examined by using the
two contrasting soils (Vertisol and Acrisol) and the two forms of P (MAP
and DAP), resulting in four treatments. The effect of K co-application
was also investigated by adding KCI to both P forms in both soils,
resulting in a further four treatments, being a total of eight treatments.
All treatments were replicated three times giving a total of twenty-four
experimental units. Individual incubations were assembled by placing
air-dry soil (sieved to 2 mm) into 100 x 100 mm square Petri dishes
using a partition jig and retention plates to place unfertilised soil to
either side of the fertosphere (Fig. S1, see Supplementary Material, Part
A). The fertiliser treatments (i.e., fertosphere soil mixtures) were applied
to a 20 mm wide central strip in the 100 mm wide incubation dish (i.e.,
fertosphere; Fig. S1). Following placement of the fertiliser treatment, the
retention plates were removed, and the soil subsequently packed to a
bulk density equivalent to that in the field for each soil (Vertisol =1 g
em3; Acrisol = 1.13 g cm®). This was achieved by using a total mass of
150 g Vertisol and 170 g Acrisol packed to a height of ca. 15 mm within
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the 100 x 100 mm Petri dishes. The Petri dishes had small holes pre-
drilled at 10 mm spacing across the entire bottom surface to facilitate
controlled and relatively even wetting up of soil on a vertical axis to
minimise the effect of water movement on horizontal P distribution (i.e.,
from the band). Water was added to the assembled incubations by
placing individual Petri dishes in shallow water baths containing the
correct volume of ultra-pure water to adjust the total soil volume of each
incubation to field capacity (0.45 g g~! for the Vertisol and 0.20 g g~ for
the Acrisol). Once all the water had been taken up in soil via the holes,
the bottom of the Petri dishes were re-sealed and lids placed on top. The
dishes were incubated in the dark at 25 °C and 80 % relative humidity
until destructive sampling after 7 and 120 d. Petri dishes were regularly
opened to allow gas exchange and water content was maintained on a
weekly basis.

2.3. Non-destructive soil solution analyses and thermodynamic modelling

Non-destructive soil solution samples were taken after 7 and 120
d using hollow-fibre samplers (Menzies and Guppy, 2000), inserted
through the pre-drilled holes on the side of the Petri dishes during filling
with air-dry soil. Soil solution (ca. 2.5 mL) was collected under vacuum
through the inserted hollow-fibres by attaching an evacuated 10 mL
disposable syringe for 8 h. Three soil solution samples were collected at
varying distances from the fertosphere of each experimental unit (Petri
dish), viz. the centre of the fertosphere (0 mm); 5 mm from the edge of
the fertosphere (15 mm from centre); and 15 mm from the edge of the
fertosphere (25 mm from the centre; Fig. S1). The soil solution samples
were analysed for elemental concentrations of P, K, Al, Ca, and Mg using
inductively coupled plasma optical emission spectroscopy (ICP-OES),
ammonium-nitrogen (NH4-N) and nitrate-N (NOs-N) concentrations
using a Seal QuAAtro Auto Analyzer, and pH and EC. The saturation
indices (SI) of each mineral species were calculated using Phreeqcl
version 3.5.0-14000, a geochemical aquatic modelling program (Par-
khurst, 2020). The default PHREEQC database was used with amend-
ments to the equilibrium constants of the various mineral P species as
outlined in Lindsay (1979) (see Table S1 of Supplementary Material).

2.4. Solid phase analyses

Soil was destructively harvested after 120 d for analysis of the solid
phase at increasing distances from the centre of the fertosphere (0-10
mm): 0-5 mm from either side of the centre (central 10 mm portion of
the fertosphere); 5-10 mm (the outer 5 mm portions of the fertosphere);
10-15 mm (the unfertilised soil immediately adjacent to the ferto-
sphere); 15-20 mm (5-10 mm beyond the edge of the fertosphere);
20-30 mm (10-20 mm beyond the edge of the fertosphere); and > 30
mm (>20 mm beyond the edge of the fertosphere; Fig. S1). Soil samples
were air-dried (40 °C) and analysed for total P and K concentrations
following hydrofluoric acid (HF) digestion, potentially plant-available P
by both isotopic dilution and resin-extractable P methods, and in situ P
speciation using K-edge XANES spectroscopy.

The total P and K concentrations were determined by ICP-OES
following digestion of 0.1 g oven-dried (60 °C overnight) soil (ground
with a ball mill) using nitric acid (HNO3), HF, and boric acid (H3BO3) in
a microwave. Briefly, 9 mL of concentrated HNO3 was added to micro-
wave digestion vessels containing one soil sample each, followed by 3
mL of HF. After pre-digestion for 10 min, an additional 2 mL of HF was
added, and samples were digested at 200 °C for 20 min. After cooling,
22 mL of 5 % H3BO3 solution was added to samples with another
digestion stage of 160 °C for 10 min. Samples were rinsed into centrifuge
tubes and made up to 40 mL using ultra-pure water. Aliquots of 10 mL
were used for analysis on ICP-OES. This two-stage digestion process was
necessary to ensure full recovery of P and K from precipitated minerals.

An IEK approach can be used to determine the specific activity
2p/31P) of soil exchangeable P (the E-value) which is generally
considered to represent the specific activity in plant shoots, the r-value
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(Frossard et al., 2011), and is therefore used as a method of determining
plant-available P in soil. The isotopically exchangeable P within 24 h
(E24p) was measured using a 1 g soil sub-sample collected at seven dis-
tances from the fertosphere (0-40 mm) following methods described by
Fardeau et al. (1991) and with modifications as outlined by Lombi et al
(2004). The calculations for P recovery in the different pools are out-
lined in Supplementary Material Part A.

An alternative method for characterising plant-available P in soil is
the use of an anion exchange resin, in which P is removed from solution
and replaced with the anion already on the exchange resin (Amer et al.,
1955). Since P uptake by plants is predominantly a one-way process of P
removal from solution, the action of the resin exchange method may
provide a P measurement that is more indicative of bioavailability than
the phosphate-for-phosphate exchange of the IEK approach. The resin-
extractable P concentrations were measured from air-dry soil as
described by Hedley et al. (1982).

The analyses of in situ P speciation were conducted using K-edge
XANES at Beamline 8 of the Synchrotron Light Research Institute (SLRI)
in Nakhon Ratchasima, Thailand (Klysubun et al. 2020). At this beam-
line, the incident energy was selected using an InSb(1 1 1) double-crystal
monochromator. The incident beam size was 18 x 2 mm with a photon
flux of 2.19 x 10! photons s~ (100 mA™!). Spectra were recorded in
fluorescence mode using a 13-element germanium (Ge) detector. After
drying, the soil for this analysis was finely ground using an agate mortar

7d
7.50
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and pestle and placed onto polyimide tape. The samples were then
placed in a sample compartment that had been purged with helium (He)
to reduce X-ray absorption by the air. A total of 48 samples and 10
standards were examined using XANES across an energy range of 2050
to 2340 eV (see Supplementary Material Part A for further details). The
standards were diluted to a P concentration of 1 % using boron nitride
and included: p-tricalcium phosphate [Ca3(PO4)2, TCP]; hydroxyapatite
[Cas(PO4)3OH, HA]J; iron(III) phosphate dehydrate [FePO4-2H50, Fe-P];
mineral specimens taranakite, variscite, rock phosphate; K-taranakite
[Hg(K)3Al5(PO4)g-18H,0]; NHj-taranakite [Hg(NH4)3Al5(-
PO4)s-18H,0]; and P adsorbed onto kaolinite and hematite (full details
in Supplementary Material Part A). The data were processed in Athena v
0.9.26 (Ravel and Newville, 2005).

2.5. Statistics

Statistical analysis of solution chemical data (pH, EC, P concentra-
tion) was conducted by a four-way analysis of variance (ANOVA) with
soil, time, treatment (P fertilisers, with or without K), and distance from
fertosphere as factors. Values for pH were checked against the geomet-
rical mean of H" concentration to ensure correct interpretation (Bouti-
lier and Shelton, 1980). Total recovery (proportion of applied) of resin-P
and isotopically exchangeable P (Eq4) was statistically analysed by two-
way ANOVA with soil and treatment as factors. This analysis was

120 d

7.00 4
6.50 1
6.00 1
5.50 1
5.00

450 | .
Vertisol

4.00 ;
7.50

AR e ME—

6.50 1 %

6.00 A

Solution pH

5.50 1

S0 . *—

4.50 A X
Acrisol

4.00

0 5 10 15 20 25

300 5 10 15 20 25 30

Distance from centre of fertosphere (mm)

—— MAP

—w— DAP
v DAP+K

B K
~~~~~ Initial soil solution pH
Fertosphere zone

Fig. 1. Changes in soil solution pH for a Vertisol (top row) and Acrisol (bottom row) sampled at increasing distances from the centre of the fertosphere band at 7 and
120 days. The pH of the untreated soil solution is indicated by a dashed horizontal line for each soil. The position of the fertosphere band is indicated by the shaded
central zone (0 to 10 mm). Error bars are the standard deviation of the mean (n = 3).
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extended to a three-way ANOVA to determine statistical differences in
the distribution of resin-P and E(4n) over distance from fertosphere.
Tukey’s honestly significant difference (HSD) test (P < 0.05) was used to
test means for significant interaction effects of all datasets tested by
ANOVA.

Statistical differences in most datasets are not presented within the
manuscript as the number of interactions makes graphical presentation
difficult to interpret. Where appropriate, significant effects are noted in
the text, with the full statistical results available in Supplementary
Material (Part C).

3. Results
3.1. Soil solution pH and EC

In both soils, the form of P fertiliser influenced the pH of the soil
solution, although the magnitude of pH changes varied significantly
between soils (Fig. 1, Fig. S2). The pH of soil solution increased in both
soils after 7 days (d) following the application of DAP, whereas the
opposite was true for both soils treated with MAP where the pH
decreased. For example, the pH within the DAP fertosphere and out to a
distance of 15 mm increased by ca. 0.30 pH units (almost 50 % decrease
in H' concentration) in the Vertisol but by 2 units (99 % decrease in H
concentration) in the Acrisol. In contrast, application of MAP decreased
the pH in these zones by ca. 1.2 units (3800 % increase in H" concen-
tration) in the Vertisol but by only 0.10 units (18 % increase in H'
concentration) in the Acrisol (Fig. 1). The magnitude of change depen-
ded upon both the soil and fertiliser form, with MAP inducing greater
changes in the Vertisol and DAP raising the pH to a greater extent in the
more acidic Acrisol. Effectively, the largest effects on soil pH occurred
where the expected pH of the fertiliser saturation solution contrasted
strongly to the starting pH of the soil. In both soils, the addition of K,
either alone or combined with P fertilisers, had an acidifying effect cf.
the initial pH of soil solutions (ca. 1.0 pH units in Vertisol, 0.30 pH units
in Acrisol) or the observed change in pH for the corresponding P fer-
tiliser treatment (0.20-0.80 pH units for MAP, 0.30-0.90 pH units for
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DAP, depending on soil type; Fig. 1).

Over time (i.e. after 120 d), the pH around the MAP and DAP bands
decreased in both soils, although the magnitude of this change was much
greater for DAP and occurred more rapidly in the Vertisol (measure-
ments also taken at 30 d; data not shown). Notably, soil solution as far as
25 mm from the fertosphere was also acidified and this was particularly
evident around MAP bands (Fig. 1). Whilst the pH of the K only treat-
ment tended to remain relatively stable from 7 to 120 d in the Acrisol,
some continued acidification was observed in the Vertisol over this
period. The changes in solution pH of both P fertiliser + K treatments
were also somewhat more subdued cf. P fertiliser only treatments in both
soils over the 120-day incubation period.

The addition of P fertilisers significantly increased the EC in both
soils (being substantially higher in the Acrisol), with the addition of K
further increasing the magnitude of this effect. The EC was typically
highest within the fertosphere, although EC values had decreased by 120
d. The EC was ca. 15 dS m™! higher in DAP-treated soil (cf. MAP),
although this trend was not evident until later in the incubation (120 d;
see Supplementary Material, Fig. S3).

3.2. P concentration in soil solution

Application of P fertilisers significantly increased initial solution P
concentrations within the fertosphere and up to 25 mm away (Fig. 2).
Soil characteristics strongly influenced solution P, with concentrations
significantly higher (both within the fertosphere itself as well as with
increasing distance) in the Acrisol cf. Vertisol. For example, fertosphere
P concentrations reached approximately 240 mM P (MAP) and 305 mM
P (DAP) and were increased by ca. 50 mM P as far away from the fer-
tosphere as 25 mm in the Acrisol at 7 d. In contrast, solution P con-
centrations within the fertosphere of MAP (72 mM P) and DAP (22 mM
P) in the Vertisol were substantially lower, and diffusion of P from the
fertosphere was also considerably reduced (ca. 1 mM P at 25 mm;
Fig. 2). Thus, P source also had an impact on P diffusion from bands,
with higher solution P concentrations generally observed at 15 mm from
the fertosphere for MAP (cf. DAP) in both soils. The effect of K co-

7d 120d
701 Vertisol —o— MAP
60 A ® - MAP+K
—wv— DAP
S 501 v DAP+K
B K

g 40 =1 Fertosphere zone
N’
= 30 A
S
= 20 A ]
E ,
S Y
g 0 = E . . :
e 350
S
A~ 300 A Acrisol
=
£ 250
=
o 200 A
[75]

150 -

100

50 1 ]

0 lm ; ‘ = j ; : ; ; i

10 15 20 25

(=}
W

30 0 5 10 15 20 25 30

Distance from centre of fertosphere (mm)

Fig. 2. Changes in soil solution P concentration (mM) for a Vertisol (top row) and Acrisol (bottom row) sampled at increasing distances from the centre of the
fertosphere band, at 7 and 120 days. Note the varying y-axis scales for the two soils. The position of the fertosphere band is indicated by the shaded central zone (0 to

10 mm). Error bars are the standard deviation of the mean (n = 3).
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application to P fertilisers on solution P was greater in the Vertisol,
where initial fertosphere concentrations were significantly decreased by
51 % (MAP) and 71 % (DAP), cf. the Acrisol where the decrease was only
9 % (MAP) and 15 % (DAP) (Fig. 2). The addition of K to DAP in the
Vertisol and MAP in the Acrisol reduced diffusion from the band,
probably due to overall lower solution P concentrations. However,
despite reduced solution P in the fertosphere, concentrations were
higher further from the band for MAP + K in the Vertisol and DAP + K in
the Acrisol (Fig. 2).

Over time, the solution P concentration decreased significantly in
both soils treated with MAP and DAP. However, where solution P arising
from MAP bands decreased by ca. 90 % by 120 d in both soils and by a
similar amount for DAP in the Acrisol, the decrease was much less
pronounced for DAP in the Vertisol. In this soil, 46 % of the solution P
present in the fertosphere of DAP at 7 d remained in solution at the end
of the incubation. The proportion of P no longer in solution at 120
d when K was co-applied was similar to that of the corresponding P
fertiliser treatment without K, with the exception of DAP in the Vertisol,
where co-application of K increased the magnitude of P removed from
solution by 25 % (Fig. 2).

3.3. Mineral N in soil solution

The higher N content of DAP meant that mineral N concentrations
were higher in both soils treated with DAP (cf. MAP; Figs. S8, S9). While
the total production of NO3-N was higher for DAP, especially in the
Vertisol, the proportion of mineral N that was nitrified by 120 d was
similar for both fertilisers in the Vertisol (ca. 95 %) and the Acrisol (ca.
51 %). The addition of K to P fertiliser treatments increased the amount
of extractable NHy4-N in the early stages (i.e., at 7 d). However, subse-
quent nitrification appeared to be inhibited somewhat (i.e., at 120 d),
with decreases of ca. 78 % (Vertisol) and 88 % (Acrisol) in total NO3-N
production cf. to that of P fertilisers without K. Data for mineral N dy-
namics is supplied in Supplementary Material (Part B).
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3.4. Resin-extractable P

The distribution of resin-extractable P differed markedly between
soil types after 120 d, with wider distribution (Fig. 3) but significantly
lower recovery (ca. 26 %; Fig. S5) in the Acrisol compared to the Vertisol
for both P fertilisers. In the Vertisol, resin-extractable P was highest in
the 0 — 7.5 mm zone (i.e., within the fertosphere), with 62 % (MAP) and
56 % (DAP) of the total resin-extractable P found in this zone. Resin-P
decreased significantly with distance from the fertosphere for both P
fertilisers in the Vertisol. In contrast, the amount of resin-extractable P
did not vary significantly across distance in the Acrisol, with only small
decreases of ca. 1-2 % between the fertosphere and the outermost
measured zone (Fig. 3). The co-application of K generally did not
significantly impact the total recovery (Fig. S5) or distribution of resin-P
(Fig. 3). The exception to this occurred when KCI was co-applied with
DAP in the Vertisol, where resin P increased significantly by 56 % within
the fertosphere of the DAP + K treatment whilst it decreased by an
average 70 % in the zones outside the fertosphere (Fig. 3).

3.5. Isotopically exchangeable P

The proportion of potentially plant-available P (Ex4p) from applied P
fertiliser was similar for MAP in both soils (ca. 35 %; Fig. 4). While E(a4p)
from the DAP-treated Vertisol did not vary significantly from that of
MAP, significant differences were observed in the Acrisol, where E(a4n)
was significantly higher (9 %) for DAP cf. MAP. The co-application of
KCl produced different responses in the two soil types, with small and
non-significant increases in Eg4pn) in the Acrisol. In contrast, co-
application K produced decreases in E(p4p) from both P fertilisers in
the Vertisol (Fig. 4). While the changes in E(a4n) for MAP + K in the
Vertisol were not significant (-4%), co-application of KCl with DAP in
the Vertisol resulted in much larger and significant decreases in E(a4p) (i.
e., a 59 % reduction; Fig. 4).

The distribution of E(a4n) after 120 d decreased with distance from
the fertosphere for all treatments, although higher E(24p) in the ferto-
sphere and lower values at 40 mm meant that the decrease was greater
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Fig. 3. Distribution of total resin-extractable P (% of applied fertiliser-P) from fertiliser bands of MAP and DAP, with and without co-application of KCl in the Vertisol
and Acrisol at 120 days. The position of the fertosphere band is indicated by the shaded central zone (0 to 10 mm). Error bars are the standard deviation of the mean
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Fig. 4. Sum of the percent of applied P that is isotopically exchangeable P
(E24p,) within the fertosphere and in each sampled zone out to 40 mm in Vertisol
and Acrisol treated with MAP, DAP, and co-application of KCI (K) with P fer-
tilisers at 120 days. Error bars are the standard deviation of the mean (n = 3).
Capital letters indicate the statistically significant (P < 0.05) variation in E(z4p)
as determined by Tukey’s HSD test.

in the Vertisol (Fig. 5). Higher E(24p) values were observed further from
the band for both P fertiliser treatments in the Acrisol, but this was
especially obvious for DAP where the total recovery of fertiliser-P as
E(24n) in the 17.5-40 mm zone was 38 % higher than the equivalent zone
in the Vertisol. A pronounced decrease in E(a4p) observed at 12.5 mm (i.
e., just outside the fertosphere) for MAP in the Vertisol was not observed
in other treatments (Fig. 5). In the Vertisol, co-application of KCl
significantly lowered the availability of P at all distances from the fer-
tosphere but had minimal impact on overall E(24p) in and around banded
MAP (Fig. 5). In the Acrisol, small but non-significant increases in E(a4n)
were observed at most distances from P-bands when K was co-applied.
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3.6. Thermodynamic modelling

We examined the SI values from thermodynamic modelling, with SI
values of zero indicating saturation and values greater than zero indi-
cating super-saturation. Formation of Al-P minerals (taranakites) was
predicted to dominate in all treatments, both within the fertosphere and
at 25 mm from the centre of the fertosphere in both soils (Fig. 6). Su-
persaturation of most P-minerals was observed in the Acrisol but was not
as pronounced in the Vertisol. When K was co-applied, SI values for Ca-P
minerals (e.g., hydroxyapatite) tended to increase and persist for longer
cf. P fertilisers alone. Over time and with increasing distance from the
fertosphere, supersaturation of P minerals decreased (Fig. 6). This effect
was more evident over distance in the Vertisol (i.e., fertosphere cf. 25
mm from the fertosphere), and with time in the Acrisol (i.e., 7 d cf. 120
d).

3.7. XANES analysis of P speciation

First, we examined the XANES spectra of the standard P compounds.
Differences were observed for the P K-edge XANES spectra, depending
on the form of P (Fig. S10 in Supplementary Material, Part B). The en-
ergy corresponding to the white line peak of Ca-P compounds (hy-
droxyapatite, dibasic Ca-P dihydrate) was ca. 2154.1 eV, whereas that of
Al-P (K-taranakite, variscite) compounds was at 2154.7 eV, and Fe-P
(strengite, P onto hematite) compounds was at 2154.6 eV. The in-
tensity of the white line peaks also varied between P standards, with
adsorbed forms of P demonstrating considerably higher white line
peaks, even when the energy of the peak remained constant. Other
notable spectral features included a pronounced pre-edge shoulder at ca.
2151.0 eV for Fe-P compounds, which was not present for Al or Ca-P
compounds. Similarly, Ca-P compounds exhibited a distinct post-edge
shoulder at ca. 2156.5 eV. Standards of Al-P and adsorbed phosphates
did not demonstrate any pronounced distinguishing spectral features
(Fig. S10).

Next, the soils to which the P fertilisers (in the absence of the co-
application of K) had been added were examined. First, it was noted
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that none of the spectra had a pre-edge shoulder at ca. 2151.0 eV which
would have been indicative of Fe-P compounds, and hence Fe-P com-
pounds were not likely of importance in any of these samples. Secondly,
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we examined the energy corresponding to the white line peak, with both
of the soils treated with P fertilisers having white line peaks in the range
of ca. 2154.5-2154.6 eV regardless of whether the sample was from

Fig. 7. Stacked P K-edge XANES spectra of (A) Ver-
tisol and (B) Acrisol, fertilised with either mono-
ammonium phosphate (MAP) or diammonium
phosphate (DAP), with and without co-application of
KCl. Numbers on the right-hand side indicate the
distance (mm) from centre of the fertiliser band.
Dashed vertical lines indicate the average energy po-
sition of (a) the pre-edge shoulder for Fe-P com-
pounds, (b) the white line peak of Al-P compounds,
and (c) the post-edge shoulder for Ca-P compounds.
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within the fertosphere or with increasing distance (Fig. 7). This indicates
that it was not Ca-P compounds that dominated in any of these samples,
but rather, Al-P compounds or adsorbed phosphates. We also examined
the intensity of the white line peaks, with this found to increase with
distance from the fertosphere in all treatments, although the overall
range in intensity was greater in the P-treated Vertisol. These differences
in the intensity of the white line peak indicate that the P within the
fertosphere was likely dominated by Al-P compounds whilst adsorbed P
became more important with increasing distance from the fertosphere.

We also examined soils where K was co-applied with the P. For these
treatments, pronounced effects were observed within the fertosphere for
the Vertisol receiving DAP but not for the other treatments (Fig. 7). For
the DAP within the Vertisol, the energy corresponding to the white line
peak shifted from 2154.6 eV for DAP alone to 2154.2 eV following
application of K (DAP + K). Furthermore, a pronounced post-edge
shoulder at ca. 2157 eV and an oxygen oscillation at 2164 eV was also
evident and is consistent with the spectral features of Ca-P compounds
(Fig. S10). Thus, for the DAP Vertisol treatment, co-application of K
caused the pronounced formation of Ca-P compounds, especially within
the fertosphere itself. In contrast, the co-application of K with MAP (both
soils) and DAP in the Acrisol caused only small changes in white line
peak intensity (Fig. 7). In general, the white line peak intensity
decreased with increasing distance from the fertosphere of both P fer-
tilisers in the Acrisol, while the reverse was true for MAP in the Vertisol.
Co-application of K in these treatments did not indicate the formation of
any Ca, Mg, or Fe-P minerals at any distance from the fertosphere.

4. Discussion
4.1. Soil characteristics impact P availability and distribution

4.1.1. P availability within concentrated fertiliser bands is influenced by
precipitation of Al-P minerals

Precipitation of Al-P minerals was found to be important within the
fertosphere of all P treatments as demonstrated by soil solution satura-
tion indices and XANES analyses (Figs. 6, 7), indicating that this is a key
reaction controlling fertosphere P availability, even in soils and P-
sources of contrasting physiochemistry. This supports earlier research
by Meyer et al. (2021) where Al-P minerals were found to be the
dominant factor controlling fertiliser-P transformations within concen-
trated bands across a wide range of soils and P-sources. In particular,
taranakites are likely to be the main mineral formed during Al-P pre-
cipitation reactions (Fig. 6), with the prevalence of this mineral previ-
ously demonstrated in several other studies (Lindsay et al., 1962, Meyer
et al., 2020, Taylor and Gurney, 1965). The dominance of Al-P precip-
itation in the fertosphere of P fertiliser bands highlights the importance
of understanding factors which regulate this reaction. The influence of
pH for regulating Al-P reactions in the fertosphere was recently
demonstrated across a range of soils and P fertilisers (Meyer et al., 2021)
and this study demonstrated the impact that solution P concentrations
have on Al-P precipitation reactions. The predicted SIs for Al-P forma-
tion following P fertiliser application in the Vertisol were significantly
lower (cf. the Acrisol; Fig. 6) despite larger decreases in pH. In the
Vertisol, the high P sorption capacity of this soil (also confirmed by the
resin and lability data; Figs. 3, 5) removed a substantial proportion of
the fertiliser-P from solution (Fig. 2) which had the effect of decreasing
Al-P precipitation reactions. Thus, although the solubility of Al-P min-
erals in soil solution is also dictated by pH and Al>* concentrations, soil
characteristics which influence solution P concentrations may have
some impact on Al-P formation in the fertosphere.

Interestingly, despite the Vertisol having lower solution P concen-
trations (Fig. 2), P availability was significantly higher within the fer-
tosphere of banded P fertilisers for the Vertisol than for the Acrisol
(Figs. 3, 5). It is hypothesised that this effect was due to the greater
amount of sorbed fertiliser-P in the Vertisol, which was potentially more
readily available than the sparingly soluble P reaction products formed
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during precipitation reactions. While some precipitates may re-dissolve
back into solution as the chemical conditions of the saturated solution
dissipate (i.e., changes in pH, increased P concentration, etc.), this takes
some time (Penn and Camberato, 2019). Conversely, P that is only
weakly sorbed to soil mineral surfaces may readily re-supply solution P,
maintaining the equilibrium between solution and adsorbed or solid
phase P pools (Moody and Bolland, 1999). Thus, in soils with a high
sorption capacity, precipitation reactions may be less prevalent in the
fertosphere and sorption to the soil solid phase may be a useful process
to “protect”, then slowly “release” P back into solution.

4.1.2. Adsorption regulates P diffusion outwards from fertiliser bands

The movement of P from the band into the surrounding soil was
influenced by soil type (Fig. 2), and more specifically, soil characteristics
which contribute to sorption capacity (i.e., clay content, Fe,yx and Alyy
content, and PBI). The impact of soil sorption on P distribution from
fertiliser bands was twofold. Firstly, sorption that occurred within the
fertosphere removed P from solution, lowering the concentration
gradient to the bulk soil solution and reducing the net movement of P
away from the fertosphere. This effect was clearly demonstrated in the
soil with the higher sorption capacity (i.e., the Vertisol) whereby
significantly more P was removed from solution, lowering the concen-
tration gradient between the fertosphere and soil 25 mm away (A 20-70
mM P at 7 d) compared to that of the Acrisol (A 180-260 mM P at 7 d;
Fig. 2). Secondly, as P moved outwards from the fertosphere to zones of
soil solution with lower P concentrations, the likelihood of P precipi-
tation decreased (Fig. 6) and interaction with unsaturated P sorption
sites increased. This effect was also most evident in the Vertisol, with
higher white line peak intensities further from the fertosphere (Fig. 7)
suggesting that sorption became an increasingly dominant process
regulating P availability at distance from the fertosphere in this soil. In
contrast, the lower sorption capacity and sandier texture of the Acrisol
created a less tortuous diffusion pathway (Olsen and Watanabe, 1963),
permitting wider and more rapid distribution of the saturated fertiliser
solution (Figs. 1, 2). However, while P diffusion occurred over a wider
volume in this soil, precipitation likely continued to regulate P avail-
ability up to 25 mm from the fertosphere (Fig. 6), with only small dif-
ferences in solution (Fig. 2, 120 d) and plant-available (Figs. 3, 5) P
detected over these distances. These findings partially support Hy-
pothesis 1 — the soil with the lower P sorption capacity (i.e., the Acrisol;
Table 1) demonstrated greater diffusion of P, and this was largely due to
reduced adsorption to the solid phase. However, in contradiction to the
hypothesis, P precipitation was not reduced in the soil with a lower
concentration of cations. Rather, because a greater proportion of applied
P remained in solution, P was more vulnerable to this process, even up to
25 mm from the fertosphere. This suggests that the concentration of
precipitating cations in soils may be less important for P availability
around fertiliser bands, at least in soils with a moderate to high sorption
capacity.

The impact of soil characteristics on P diffusion from the fertosphere
may also influence P availability. The second hypothesis suggested that
a zone of greatest P availability would occur outside of the immediate
fertilizer band. However, the relatively linear decreases in P availability
from the fertosphere to 40 mm in both soils (Figs. 3, 5) did not indicate
the presence of the hypothesized transitionary zone between the ferto-
sphere and bulk soil. It’s likely that dominance of either sorption or
precipitation processes in the two examined soils did not permit devel-
opment of this zone, and examination of soils with intermediate char-
acteristics may reveal a zone of enhanced P availability outside the
fertosphere.

Notably, the availability of P to plants is also regulated by the
chemical conditions of the soil, in addition to P dynamics. For example,
soils which retain much of the applied P within the fertosphere may limit
plant access, whereby the modified pH, high salt concentrations and
increased aqueous ammonia (due to co-applied N with MAP and DAP)
can be toxic to plant roots (Moody et al., 1995, Zhang and Rengel, 1999).
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It is therefore plausible that the proportion of applied P accessible to
plant roots is greater in the Vertisol, where changes in soil chemistry
were not as great as those in the Acrisol (Fig. 1, Fig. S3, S8, S9).

4.2. Fertiliser type also influences P availability around bands in soils
where precipitation reactions dominate

The general patterns of P distribution from the fertosphere were not
impacted by P fertiliser form within each soil (Figs. 2, 3, 5), indicating
that soil characteristics were the dominant factors dictating P transport
from fertiliser bands. However, the overall availability of P differed
between P fertilisers over time (Fig. 4, Fig. S5), although these differ-
ences were only significant in the Acrisol when assessed by IEK (Fig. 4).
In the Acrisol, significantly higher solution P concentrations around DAP
bands (cf. MAP; Fig. 2) were likely due to the increase in pH to ca. 7.0
after DAP application. At this neutral pH, the interactions between P and
precipitating cations in solution would have been minimised, leaving
more P in solution and consequently “available” (Penn and Camberato,
2019). As the pH remained elevated in the Acrisol, the availability of P
from DAP bands also persisted for up to 120 d in this soil (Figs. 2-5). This
contrasted to the decreasing pH around banded MAP (Fig. 1) which, in
the already acidic Acrisol, accentuated conditions conducive to precip-
itation of Al- and Fe-P (Fig. 6). Interestingly, the modelled SI values
suggest that precipitation of these cations with P was more likely in and
around DAP (Fig. 6), which appears to be a result of higher P, NHZ, AI**,
and Fe3" concentrations in solution (data not shown). It is not clear why
Al and Fe concentrations in soil solution increased following DAP
application. The introduction of greater amounts of NH4 with DAP (cf.
MAP) may have resulted in other cations (including AI*" and Fe®")
being displaced from the exchange complex. However, as the pH
remained neutral to alkaline around DAP bands, precipitation of P with
these cations was minimal despite being present in high concentrations.
This hypothesis requires further investigation.

In the Vertisol, the decrease in pH (Fig. 1) around MAP bands likely
facilitated some dissolution of pre-existing Ca-P or primary P minerals,
resulting in higher initial solution P concentrations (cf. DAP; Fig. 2). In
contrast, the increased alkalinity from banded DAP meant that precip-
itation of Ca-P minerals was probable (Fig. 6) and the removal of P from
solution was likely greater (cf. MAP). Over time, the soil pH within and
around the fertosphere of both P fertilisers became more acidic, and this
was especially obvious for DAP (Fig. 1), where a greater nitrification
response (Figs. S8, S9) likely drove these changes. By 120 d, the con-
centration of P in solution (Fig. 2) was higher for DAP in the Vertisol,
with some of this P possibly derived from dissolution of recently formed
Ca-P minerals during the acidification process. Interestingly, the overall
availability of P determined by IEK (i.e., the amount of E(24n) within 40
mm of the band; Fig. 4) was similar for both P fertilisers in this soil,
indicating that the total labile pool of P did not differ significantly be-
tween P fertilisers, despite differences in solution P. It is suggested that
desorption of P that was weakly sorbed to the solid phase within and
surrounding MAP bands in the Vertisol meant that P availability was
higher than indicated by solution P concentrations. Notably, the resin-
exchange approach showed that the availability of P from DAP in the
Vertisol was slightly higher (cf. MAP; Fig. S5), with this method likely
capturing the differences in P immediately available in solution.

4.3. Co-application of K causes variable effects on P availability

The application of KCl initially had an acidifying effect in the soil
matrix (i.e., after 7 d, Fig. 1), with the observed pH decreases likely
occurring via two main mechanisms, including: (i) hydrolysis of AI**
coming off the soil exchange due to displacement by K ions (Wang et al.,
2003), and (ii) proton production during precipitation of Ca and P (i.e.,
Ca%" + HyPOy < CaHPO,4 + HY), where Ca®" in solution is increased due
to displacement by K (Du et al., 2010). In the more acidic Acrisol, it’s
likely the displacement of acidic cations (i.e., A13+, H™) on the soil
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exchange drove the observed pH decreases. In contrast, substantially
higher exchangeable Ca?* in the Vertisol (cf. Acrisol; Table 1) may have
increased the likelihood of Ca-P precipitation, and thus the production
of protons. This was especially likely with DAP application in the Ver-
tisol, where the high pH of the DAP saturation solution, combined with
displaced Ca?*, created conditions favourable for Ca-P mineral forma-
tion (cf. DAP alone; Fig. 6). However, the largest effect of KCl was seen
over time, where increased Cl concentrations had an inhibitory effect on
nitrification (Megda et al., 2014; Fig. S8, S9). By inhibiting nitrification
around the fertosphere of P fertiliser bands, a higher pH was maintained
(Fig. 1), reducing the likelihood of Al-P and Fe-P precipitation (cf.
respective P fertilisers alone; Fig. 6). In the acidic Acrisol, co-application
of K therefore appeared to have a somewhat positive effect on P avail-
ability (Fig. 4) and only a small impact on distribution (Figs. 3, 5).
However, in the Vertisol, displacement of a greater concentration of
exchangeable cations meant that the likelihood of precipitation was
increased (Fig. 6). In particular, the maintenance of a higher pH and
considerable displacement of Ca®" from the soil exchange around DAP
+ K bands meant that Ca-P minerals were likely to persist within the
fertosphere and out to 12.5 mm for an extended period (Fig. 7). Ther-
modynamic modelling also indicated that co-application of K with DAP
increased the likelihood of formation of Mg and K-Al-P minerals within
the fertosphere (Fig. 6). Combined with significantly higher total P in
the fertosphere zone of DAP + K treatments (cf. DAP alone; Fig. S4),
these results suggest that the addition of K to DAP exacerbates both
direct and indirect precipitation reactions in the fertosphere, conse-
quently decreasing both the availability and the distribution of P in this
soil (Figs. 3-5). Interestingly, resin-extraction did not demonstrate the
same trend of reduced P recovery for DAP + K, with resin-P significantly
higher within the fertosphere of the Vertisol (cf. DAP; Fig. 3). This
observation suggests it may be possible for some of the newly formed P
precipitates to re-dissolve back into solution under the depleting con-
ditions of this method (i.e., removal of P from solution by the resin ex-
change) and is supported by spectral features which closely match that
of more soluble Ca-P forms (i.e., monetite, Fig. S10; see also Lombi et al.,
2006). In this case, P availability to plants may not be as impacted by K
co-application as indicated by isotopic exchange measurements (Figs. 4,
5).

These findings partially support Hypothesis 3 in that co-application
of KCl did increase the likelihood of P precipitation, and this occurred
by both direct and indirect displacement of cations on the soil exchange.

5. Conclusions

Our findings demonstrate the importance of soil characteristics, the
form of P fertiliser, and co-application of K, in regulating P distribution
and availability from highly concentrated fertiliser bands. Specifically,
significant modification of the fertosphere pH and solution P concen-
trations are the primary drivers of precipitation reactions, especially Al-
P formation, which is the dominant process controlling P availability
within the fertosphere. Soils with a high sorption capacity may modify
these dynamics, potentially increasing the availability of P in the fer-
tosphere by excluding P from precipitation reactions but decreasing the
volume of soil enriched with P by reducing diffusion to the bulk soil. In
soils where little P adsorption occurs, precipitation reactions are greater
and more widely distributed. In these soils, the selection of P fertiliser
type is more important as changes to the local pH in response to the
fertiliser saturation solution exacerbate P precipitation, lowering
availability. A slight trend for higher P availability following banded
DAP application (cf. MAP) in both soils indicates that this fertiliser may
be a broadly superior choice in cropping systems which utilise concen-
trated fertiliser bands. Co-application of K with P fertilisers modifies pH
dynamics and displaces cations from the soil exchange. Both the con-
centration of precipitating cations and the interaction of the initial soil
pH with that of the P fertiliser saturated solution determine the extent of
precipitation reactions and, consequently, a net positive or negative
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impact on P availability. Fertiliser choice and nutrient blend composi-
tions are therefore more important in soils where precipitation reactions
dominate and which have a high proportion of exchangeable cations
which may precipitate with P under the modified pH conditions of the
fertosphere. Collectively, these findings improve understanding of the
impact of soil characteristics, P fertiliser selection, and co-application of
K, on P dynamics within and surrounding fertiliser bands. This knowl-
edge may underpin agronomic advice for more efficient and sustainable
P management within agricultural systems.
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