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Abstract. Phosphorus (P) is limiting to crop growth worldwide and optimising P fertiliser use is essential for
maintaining crop productivity and avoiding negative environmental impacts. To achieve this, a thorough un-
derstanding of the chemistry and potential plant availability of P fertilisers in soil is required, particularly the
chemistry in the region of soil surrounding the fertiliser granules i.e. the fertosphere. The diffusive gradients in
thin-films (DGT) technique is commonly used to estimate potentially bioavailable nutrient concentrations and
the distribution of nutrients in the environment, including for P. This method correlates strongly to plant avail-
able nutrients because it mimics plant nutrient uptake by acting as an infinite sink. The technique has been used
to obtain two-dimensional (2D) images of labile P concentrations or P fluxes in soil using X-ray fluorescence
microscopy (XFM) and laser ablation (LA) ICP-MS in laboratory settings. Conventional DGTs are tedious to
prepare and difficult to deploy at a scale (10's of cm?) relevant to field scale observations. We recently developed
a DGT with a gel-free binding layer that addresses these limitations. This innovative design is robust and simpli-
fies preparation and analysis, making it ideal for field deployment. Here, we describe the details of the design of
this novel field DGT (fDGT) device and evaluate its effectiveness in assessing the spatial availability of P from
different fertilizer sources in a barley field trial in calcareous soil. Using X-ray fluorescence microscopy (XFM)
analysis of DGT binding layers, we demonstrate that there are distinct reaction zones along the P fertiliser band
in the field, and that differences between P treatments can be visualised and quantified using this novel fDGT.
We believe this is the first report of two-dimensional spatially resolved mapping of P bioavailability obtained
in situ (field) at the fertiliser band scale in a dryland cropping system. This approach provides a foundation for
expanded use of field-deployable DGTs in studying macronutrient dynamics and supports the development of
more efficient, site-specific fertiliser strategies to improve P use efficiency in agricultural systems. As the next
step, we propose to further develop and refine this fDGT device and to make it applicable for other macro and/or
nutrients. This will ultimately support research that aims to assist farmers by enhancing fertiliser use efficiency.
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1 Introduction

Phosphorus (P) is an essential nutrient that plays a key role in
global crop production, and consequently, phosphate fertilis-
ers are required to replenish this element in agricultural soils.
The amount of P reserves are finite even though estimates of
when these reserves will be exhausted are variable (e.g. Mc-
dowell et al., 2024). Nevertheless, it is well established that
P reserves are not homogeneously distributed, and the bulk
of such reserves occur in only a few countries, with potential
geopolitical issues. Our previous work indicates that appli-
cation of fertiliser P to soils accounts for 94 % of the total P
added to the Earth-system (Kopittke et al., 2021) and given
that the P biogeochemical cycle has been identified as ex-
ceeding its planetary boundary due to anthropogenic pertur-
bation through agriculture (Richardson et al., 2023), it is es-
sential that P fertilisers use is optimised. However, the agro-
nomic P use efficiency (PUE) of current fertilisers is very
low: only 5 %—25 % of P applied is taken up by crops in the
year of application (Johnston and Poulton, 2019).
Improvement in PUE requires a thorough understanding of
the chemistry of P fertilisers in soils as well as of the avail-
ability of this element to crops. A number of techniques have
been developed and applied to understand the chemistry of P
in soil with direct assessment of P speciation through various
techniques such as solid phase 3'P nuclear magnetic reso-
nance (NMR, Wang and Nielsen, 2020) and X-ray absorp-
tion spectroscopy (XAS, Van Der Bom et al., 2022). Simi-
larly, the assessment of P availability in soil has taken ad-
vantage of progress made in the assessment of contaminants’
bioavailability in aquatic systems through the use of passive
in situ sampling devices such as the diffusive gradients in
thin films (DGT) technique (Davison and Zhang, 1994). The
DGT device consists of three layers; a protective filter mem-
brane in contact with the soil, a diffusive hydrogel that the
analyte (in this case P) must cross, and a binding layer that
acts as an infinite sink for the analyte, mimicking the plant’s
uptake. The binding layer induces a diffusive flux of the an-
alyte toward the device with the analyte being resupplied to
the soil solution by the solid phase. DGT has been shown
to perform better than conventional chemical extractions to
predict plant responses to available P across soil types (Ma-
son et al., 2008, 2010). All of the in situ methods mentioned
above have the advantage of requiring minimal to no sample
preparation and hence prevent the issues limiting more com-
mon techniques such as chemical extractions (ex situ), which
are often operationally defined and prone to create artefacts
(Kar et al., 2011). Furthermore, the in situ techniques men-
tioned above, such as XAS and DGT, can be coupled with
imaging techniques such as laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) or X-ray flu-
orescence microscopy (XFM) to assess the chemistry and
distribution of available P in two dimensions (Van Der Bom
et al., 2022). This is particularly important when the aim of
a study is to understand the behaviour of fertilisers in soils.
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This is because P fertilisers are commonly applied as gran-
ules in bands that are spaced according to the crop. This re-
sults in a highly heterogeneous P distribution in soil; very
high P concentrations in the band and a gradient across the
fertosphere (the volume of soil surrounding a fertiliser gran-
ule) into the bulk soil. However, most published research has
been based on “bulk” studies where reactions are investigated
only at one or a few P concentrations and mostly using indi-
rect chemical extraction methods. In studies assessing bulk
soils, soil is generally amended with ground (powdered) fer-
tilisers or reagent-grade chemicals at a few fixed P concentra-
tions. This creates a homogenous system, resulting in unifor-
mity of P chemical speciation and availability throughout the
soil. Such experimental conditions are not representative of
conditions in the field and therefore hinder the understand-
ing of the fate of P fertilisers in soil. Indeed, our previous
work has shown that the concentration of P in the soil forms
a steep gradient from the volume of soil directly in con-
tact with the fertiliser granule (e.g. > 10000 mgPkg™!) to
background concentrations only a few centimetres away (e.g.
Lombi et al., 2004, 2005). This steep concentration gradient
also results in changes to relative P availability due to differ-
ent concentration-dependent mechanisms (e.g. sorption vs.
precipitation, Lombi et al., 2005). Recently, DGT in combi-
nation with mapping techniques such as laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICPMS) or X-
ray fluorescence microscopy (XFM) have been employed to
assess P availability in two dimensions (Hummel et al., 2021;
Moens et al., 2024; Santner et al., 2010). However, these
techniques have been utilised almost exclusively in labora-
tory or pot experiments to avoid the challenges linked to the
significant soil heterogeneity under field conditions. This im-
plies that the results obtained in laboratory and pot trials may
not be representative of what occurs under field conditions.
While DGTs are routinely used to predict available P in
field-collected soils, their in-field application in agronomic
field trials has been limited to paddy fields. In this case,
DGT devices used for sediment analyses have been deployed
to understand the availability of nutrients and contaminants
across the water sediment interface most notably in rice
fields. For instance, the potential and limitations of standard
sediment DGT devices has been explored by (Fang et al.,
2018) who investigated the availability of metal(loid)s and
sulfur in paddy soils. To the best of our knowledge, such
an approach has not been used to investigate the availabil-
ity of P from fertilisers in field trials of major crops, exclud-
ing rice, and specifically not in any dryland cropping sys-
tems. Furthermore, the commercially available standard sed-
iment DGT devices (18 mm x 150 mm in size) are designed
to study redox-driven reactions across the sediment-water in-
terface and not to investigate nutrient availability along fer-
tiliser bands for which larger DGT devices are needed. Part
of the issue is related to the difficulty in preparing large and
robust gels that can be deployed in non-flooded soils under
field conditions, as large binding layers are difficult to pre-
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pare, deploy and analyse (Doolette et al., 2022). However,
we have recently developed a DGT with a gel-free binding
layer that overcomes these limitations being it very robust
and easy to prepare and analyse, making it ideal for field de-
ployment (Moens et al., 2024). Here, we report the design
of a novel field DGT (fDGT) device and its evaluation for
visualising and assessing the spatial availability of P from
different fertiliser sources in a barley field trial for the first
time.

2 Materials and Methods

2.1 Design and assembly of the fDGT

For the fDGT, the binding layer used was specifically
designed for P mapping by XFM as described previ-
ously (Moens et al., 2024). Briefly, titanium dioxide-based
Metsorb® (MetsorbTM HMRP5, Graver Technologies) with
particle size of Sum was applied to a single sided Kap-
ton adhesive tape (polyimide backing with acrylic adhesive,
TAPE FILM AMBER 12in. x 12in., 3M) using a cosmetic-
grade brush. This results in a gel-free binding layer that is
extremely robust and does not shrink upon drying prior to
analyses — a problem common for most binding layers (Doo-
lette et al., 2022). Critically, both the acrylic adhesive and
the Ti-based resin do not interfere with the X-ray fluores-
cence signal of P at the K-edge fluorescence line, ensuring
compatibility with XFM analysis. The diffusive layer was a
500 um bis-acrylamide hydrogel, prepared as described by
(Arias et al., 2021). Both the binding and diffusive layers
were 105mm X 75 mm in size. The fDGT was assembled by
placing the binding layer in a recess (0.5 mm) of a 3D printed
backing plate (Vero Clear resin). The diffusive layer was then
placed on the binding layer (i.e. in contact with the titanium
dioxide-based binding agent) and covered with a polyether-
sulphone (PES) filter (0.45 um pore size). The assembly was
firmly fixed using a single sided adhesive tape (Fig. 1a) and
stored in storage containers with moist paper towel for trans-
port to the field site in a refrigerated portable container. Prior
to deployment in the field, the fDGT assembly described
above was mounted on a 3D printed polylactic acid (PLA)
plunger using double-sided adhesive tape and mounted in a
support casing (also 3D printed PLA; Fig. 1b).

2.2 Field trial and fDGT deployment

A field trial was conducted near Poochera on the Eyre Penin-
sula (South Australia, 32.7436° S, 134.9020° E) on a Calcisol
classified according to the World Reference Base for Soil Re-
sources (WRB). The soil characteristics are reported in Ta-
ble 1. Soil pH and EC were determined in a 1 : 5 soil : water
suspension; total P was determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) after di-
gestion in aqua regia using NIST® SRM 2710a Montana Soil
as the reference material; total organic carbon (TOC) was de-
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Table 1. Soil characteristics at the field site.

Unit Calcisol
pHin H,O (1:5) 8.4
Clay %o (w/w) 7.7
Total P mg kg_1 400
Colwell-P mgkg ™! 22
Exchangeable Ca  cmol(4) kgf1 12.5
Exchangeable Mg~ cmol4,) kg_l 0.74
Exchangeable K cmol(y) kg™! 0.48
Exchangeable Na  cmol(4)kg™ 0.071
TOC % 1.03
CaCO3 % 33

termined by Dumas combustion; exchangeable cations were
extracted using 1 M ammonium chloride at pH7 and anal-
ysed using ICP-OES; presence of carbonates was determined
by titration (Rayment and Lyons, 2011). Soil P status was as-
sessed using bicarbonate-extractable P, Colwell-P (Colwell,
1963).

The field trial consisted of four replicated microplots
(Im x I m in a randomised block design) with the follow-
ing treatments: diammonium P [DAP, [NH4]2HPO,] at a rate
of 10kgPha™! (this is the typical P fertilisation rate in the
district); DAP at a rate of 20kgPha™'; DAP at 10kgPha™!
plus an engineered biochar supplying 10 kgPha~'. The engi-
neered biochar was prepared using a commercial rotary kiln
by pyrolyzing cereal straw at 450 °C with a residence time of
30 min. The resulting biochar was then activated with phos-
phoric acid to obtain a P concentration of 5 % (w/w), before
being pelletised in a press wheel pelletizer using commer-
cially available binders.

The fertilisers were manually placed at a depth of Scm
in three rows per plot at a distance of 25 cm between rows.
Then, 3 cm of soil was placed on top of the fertiliser bands
and barley seeds (cv Maximus CL) were placed in bands di-
rectly above the fertiliser bands at a rate of 50 kgseedsha™!.
The plots were then sprayed with Trifluralin (1.5Lha™1),
Glyphosate (1.5 Lha~!) and Diuron (400 Lha™").

2.3 fDGT deployment, plant and soil analyses

Five weeks post-sowing, fDGT devices were assembled as
described above and deployed in the field. This period was
chosen to coincide with early season crop growth, when ad-
equate P supply is critical for maximising yield (Grant et al.,
2001). The day before fDGT deployment, the plots were wa-
tered (10Lm™~2) to ensure sufficient moisture for fDGT de-
ployment. Before fDGT deployment, a section of the central
row in each treatment, 20 cm in length, was selected and the
above ground plant biomass harvested for further analyses
by cutting shoots 2 cm from the surface. Two stainless steel
plates (20cm x 15 cm), with a cutting edge, were inserted ver-
tically in the soil with one plate positioned flush with the base
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Figure 1. (a) Photograph of the binding layer mounted in the recess of the backing plate and installed on the plunger and (b) the 3D printed
prepared backing plate (i), plunger (ii) and support casing (iii) which housed (i) and (ii). Note, a hole is visible on the back of the casing
where an M12 bolt is inserted to ensure contact of the DGT with the soil).

of the barley plants and the other plate positioned in the mid-
dle of the interrow to facilitate the excavation of a trench.
Note, the shorter edge of the plate (15 cm) was pushed verti-
cally into the soil. Following excavation of the trench, a clean
vertical soil face was created by removing the metal plate
positioned near the barley row. The soil face was then moist-
ened with a spray bottle containing deionised water and the
fDGT unit put in position. Once in position, excavated soil
was packed around the fDGT to keep the unit deployed in
the correct position. The top of the fDGT was level with the
soil surface and held against the soil face. Once the trench
was approximately 2/3 refilled with compacted soil, the head
of the bolt on the back of the support case was exposed and
a socket was placed on the bolt head. The socket was then
turned to push the plunger forward, ensuring that the face of
the fDGT was in contact with the soil face. Extra soil was
then added to fully backfill the trench and ensure that the
fDGT remained in position. Soil temperature at a depth of
~ 5 cm was recorded at both the time of deployment and re-
trieval using a digital thermometer inserted into the soil. A
thermometer was inserted into the soil to a depth of approx-
imately 5 cm and the temperature of the soil recorded when
the fDGT units were deployed and removed. The fDGT were
deployed for 48 h. The removal of the deployed fDGT units
from the soil followed a reversal of the installation process.
The fDGT were then disassembled in the field and the bind-
ing layer, still attached to the backing plate, positioned in a
transport container for subsequent XFM analysis.

Soil samples were collected in-row at depths of 0—4 and
4-6 cm (three replicates per plot). The soils were air dried,
sieved to < 2mm and the pH and Colwell-P measured fol-
lowing the procedures detailed in the previous section. The
barley shoots collected prior to fDGT deployment were
counted, washed with deionised water and oven dried at
80° until constant weight (48 h) and dry biomass recorded.
Ground plant samples (0.5g) were placed in microwave
Teflon™ vessels and pre-digested overnight in 10 mL of con-
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centrated (70 %) HNO3. Samples were then digested in a mi-
crowave (CEM Mars 6™ Microwave Digestion System) with
Tomato Leaves NIST 1573a used as the Certified Reference
Material (CRM). The digestates were then diluted with Milli-
Q water before analysis (Agilent 8800 Triple Quadrupole
ICP-MS).

2.4 XFM analysis

The X-ray fluorescence mapping was performed at the XFM
beamline of the Australian Synchrotron (ANSTO) in Mel-
bourne, Victoria (Howard et al., 2020). Samples were anal-
ysed at the microprobe end-station with a Vortex EM fluo-
rescence detector, which allows detection of photons with
energies above approximately 1.6keV. The binding layers
were mounted in the opening of a Perspex sample mount
using double-sided tape. The photon energy of the incident
X-ray beam was set at 4.8 keV using a Si(111) monochro-
mator and the beam size at the sample was 2um x 10 um
(horizontal x vertical). The binding layers of two replicates
per treatment were scanned with the horizontal axis in con-
tinuous motion but with discrete vertical steps resulting in
elemental maps with a resolution of 100 um x 100 um pix-
els. The transit time per pixel was set at 33.3mspx~!. To
improve sensitivity, a continuous flow of helium was applied
through the collimator of the Vortex to reduce Ar fluores-
cence and reduce sorption of the fluorescence signal from the
sample by air. To allow for quantitative analysis, the detector
response was calibrated using metal foil standards at the start
of the beamtime. The P fluorescence spectra were analysed,
and elemental P loadings on the binding layer were quan-
tified and visualized using GeoPIXE (Howard et al., 2020;
Ryan, 2000). Phosphorus concentrations on the binding layer
were converted to 2D maps of labile P concentrations (Cj, in
ugPL™1) as previously described (Moens et al., 2024).
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2.5 Statistical analyses

Analyses of statistical differences between treatments, for
both plant and soil analyses, were performed using analysis
of variance (ANOVA) and paired t-tests where differences
between treatments were determined at the 5 % significance
level using Fisher’s Protected L.S.D. All analyses were per-
formed using the software package GraphPad Prism version
10.0.2.

3 Results and Discussion

3.1 Plant and soil analyses

Recoveries of the two reference materials following acid di-
gestion were within acceptable ranges, with 94 + 1.2 % for
the plant CRM, and 92 4 0.9 % for the soil SRM confirm-
ing analytical accuracy. The shoots of barley plants were col-
lected 5 weeks after sowing and their P content are reported
in Table 2. The results indicate that plant shoot biomass and
P content were significantly lower when DAP was applied at
the higher rate (20kgPha™'). Banded application of P fer-
tilisers a few centimetres below the seeds is considered the
optimal strategy in highly P-fixing soils, such as the cal-
careous soil at the field site used here (Sleight et al., 1984).
The lower biomass at the higher DAP rate, is possibly due
to ammonia/ammonium (NHj3 /NHI) toxicity; a known is-
sue when ammoniacal fertilisers are banded in the vicinity
of seeds (Pan et al., 2016). A review of the literature in re-
lation to ammonia/ammonium-induced plant toxicity, caused
by fertilisers with a high N : P ratio, shows that nutrient up-
take, root proliferation and plant biomass can be reduced
when NH3 /NH;L'r accumulate (Sica et al., 2025). This could
have been exacerbated by the low rainfall recorded in the first
5 weeks of growth. Soil pH and EC were minimally impacted
by the fertiliser application, but the localised effects in the
fertosphere may have been masked due to the bulk sampling
and homogenisation of the soils.

The total P concentrations in the 0—4 cm soil layer frac-
tions were similar in all treatments (p > 0.05) and also not
significantly different (p > 0.05) to the P concentration in
the 4-6 cm sample of the low-rate DAP treatment (Fig. 2a).
In contrast, both treatments receiving 20 kg Pha™! (DAP and
DAP + biochar) exhibited significantly elevated total P con-
centration (p =0.001) at 4-6cm depth, corresponding to
the fertiliser band. These results for total P concentrations
were mirrored by the Colwell-extractable P measurements
(Fig. 2b), which were significantly higher only in the two
high-P treatments. However, considerable variability was ob-
served in the samples even though 12 individual samples
were analysed per treatment (three replicate samples for each
of the four treatment replicates). Furthermore, even though
the Colwell P for the two treatments supplying a large dose
of P are above the critical soil test values (34 mgkg™!), it
should be noted that this soil test is poorly correlated with the
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yield of cereal crops in calcareous soils (Speirs et al., 2013).
Consequently, reliance on conventional extractants may un-
derestimate spatial heterogeneity in P availability and mis-
represent plant-accessible pools under field conditions.

3.2 Visualisation of P availability

Elemental maps of P obtained by XFM analyses of the fDGT
binding layers are reported in Fig. 3a. These maps show a
significant variability along the horizontal axis (i.e. along the
fertiliser band) consistent with the granular nature of the fer-
tiliser applied (Fig. 3a). It should be also noted that due to the
90° geometry of the Vortex detector used for XFM, the effec-
tive mapping area was limited to 37mm x 70 mm (W x H).
Nevertheless, it is apparent that a substantial difference in P
availability between the treatments exist. When the data are
averaged along the horizontal axis, it is possible to assess the
average P availability, as measured by DGT (Cp), as a func-
tion of depth (Fig. 3b). These results indicate that Cp for the
DAP applied at 10kgha™! is much lower than for the other
two treatments. Also, the DAP + Biochar treatment shows
larger P bioavailability compared to DAP at the same P rate.
The Cp availability profile along the soil depth indicates that
P diffuses and remains available to a distance of 10-15 mm
from the depth of application (i.e. 50 mm), indicating limited
vertical diffusion. This result is similar to what has been ob-
served under laboratory conditions by Moens et al. (2024),
who reported that DAP diffused and remained available to
a distance of 12.5mm from the point of fertiliser applica-
tion. The Cp values in the current field study are significantly
lower than those reported by Moens et al. (2024) but this
may be due to the fact that Moens et al. used a Petri dish
set up with limited depth (i.e. the system is not fully three-
dimensional being 90 mm in diameter and 15 mm in depth),
while in the field P would have diffused freely in every di-
rection with the fertosphere resulting in a spherical system.
In addition, there is more likely to have been greater fertiliser
dissolution in the Petri dish experiment as the soil was main-
tained at 80 % maximum water holding capacity (MWHC)
for the duration of the fertiliser incubation, this is in contrast
with the field experiment where soils were not maintained at
a specific WHC.

The shape of the P availability profile also indicates the
presence of three distinct P reaction zones within the ferto-
sphere. In the innermost zone (approximately 0—5 mm from
the point of application), a P availability plateau can be ob-
served this is characteristic of the fertosphere zone closest to
the fertiliser granules where the P sorption capacity is satu-
rated and precipitation reactions control P availability (Hed-
ley and Mclaughlin, 2005). In this specific soil, these are
most likely Ca-phosphates (Lombi et al., 2006). Further away
from this plateau, P availability decreases rapidly (5-10 mm
from the fertiliser granules) due to a progressive decrease
in diffusion of P. In this transition zone, precipitation reac-
tions becomes progressively less dominant and adsorption

SOIL, 12, 253-261, 2026
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Table 2. Shoot biomass and average P concentration of shoots after 5 weeks of growth, soil pH and EC above the fertiliser zone (0—
4 cm depth) and in the fertiliser zone (4—6 cm depth). Numbers in the same column followed by different letters are statistically significant
(p < 0.05). Between 5-8 plants (n) were harvested from a 20 cm length of each row per plot.

Treatment Shoot biomass PlantP  Soil depth  Soil pH Soil EC
(mg per plant)  (mg kgf1 ) (cm) (dS m~! )

DAP at 10kgPha~! 4301° 0-4 8.462 0.15%
46 858" 0.14

DAP at 20 kgPha~! 35852 04 8.472 0.162
4-6 855" 0.162

DAP and biochar at total 20 kgPha~! 5160°¢ 04 8.48%2 0.152
46 8412 0.17°
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Figure 2. Total P and Colwell P as a function of fertiliser treatment and sample depth (note that P fertiliser was placed 5 cm below the soil
surface). Where diammonium phosphate is applied at 10 kgthF1 (DAP_10) “DAP_20" is applied at double the rate (i.e. 20 kgPhafI) and
Biochar + DAP is a combination of both materials applied at a total rate of 20kgPha™ 1

reactions increase in importance (Benbi and Gilkes, 1987).
A third zone can also be identified, 10-20 mm from the fer-
tiliser granule, where P availability progressively and slowly
decreases. In this zone, the soil solution is not supersaturated,
and the sorption capacity controls P availability. To the best
of our knowledge, this is the first time that these distinct re-
action zones, previously described using laboratory experi-
ments (Benbi and Gilkes, 1987), have been visualised and
confirmed under field conditions. This mechanistic knowl-
edge of how fertilisers behave in the field can be used to
drive improvements in management practices and fertiliser
formulations, ultimately increasing fertiliser nutrient use ef-
ficiency (Lombi et al., 2025). In contrast to the bulk soil, the
fertosphere is likely to also have steep gradients for soil pH
and EC which can influence nutrient availability. Therefore,
by better understanding these spatial differences, agronomic
practices could be improved by developing fertiliser formu-
lations with a more sustained nutrient supply, in turn reduc-
ing precipitation and fixation reactions, and by optimising
the placement of fertilisers (Lombi et al., 2025). For exam-
ple, for this fertiliser—soil combination (i.e. DAP granules in
a calcareous soil), if seeds are placed < 5 mm from the fer-
tiliser, primary roots would be exposed to the highest con-
centration of available P, but increasing the application rate
of P may not be beneficial as the P availability plateau has
been reached. In addition, although sorption reactions domi-
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nate further away from the granule, vertical spacing between
fertiliser and seed bands should not exceed 20 mm due to the
limited vertical diffusion of P. We believe that the capacity of
fDGT coupled with XFM to resolve such spatial patterns un-
der field conditions provides a powerful tool for refining our
understanding of P dynamics in situ and validating mecha-
nistic models of fertiliser behaviour in soil.

4 Conclusions

Increasing P use efficiency is essential for ensuring the eco-
nomic and environmental sustainability of agricultural prac-
tices. This requires a better understanding of how P fertilisers
react in soil and in particular, in the fertosphere. Our current
knowledge has benefitted from the development of a number
of analytical approaches that allow us to better understand
the reaction products controlling availability of different fer-
tiliser formulations in different soils. For instance, elemen-
tal availability mapping (by DGT) and speciation techniques
(such as XAS) have allowed us to better define plant avail-
ability and understand the sorption and precipitation pro-
cesses controlling P availability (Van Der Bom et al., 2022).
However, the application of these novel techniques has been
limited to controlled laboratory experiments and simplified
systems, with the need to ascertain lab-to-field transferability
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Figure 3. Two dimensional P diffusion images measured using field-deployed DGT in combination with X-ray fluorescence microscopy
(XFM) analysis where (a) are P XFM images of the DGT binding layers collected from the diammonium phosphate treatment where P was
applied at 1Okgha_1 (DAP_10), DAP_20 is DAP applied at 20 kgha_1 and the Biochar + DAP treatment (Bio_20) delivered a combined
20 kgPhafl; and (b) labile P concentrations (Cp, P ngLfl) calculated as a function of depth for the three fertiliser treatment tested
(DAP_10, DAP_20, DAP + Biochar); obtained by averaging the 2D XFM maps across the horizontal axis i.e. each coloured point in (b) is

IR

the average of the Cp values in a horizontal transect across the gel. Data from two DGT replicates per treatment were collected i.e. “a” and

“b”. “Depth” is the distance from the soil surface.

of the results obtained. The development of easier to handle
and more robust DGT system such as those using ceramic-
based diffusive layers (Xie et al., 2021) or membrane-based
binding layers (Moens et al., 2024; Huang et al., 2016) make
it feasible to conduct field-based measurements as those re-
ported here. Here, we describe, for the first time, the field
application of large DGT devices to visualise the potential
availability of P fertilisers. This approach could be used to
assess how agronomic practices (i.e. fertiliser placement, co-
application of nutrients etc.) influence P availability in dif-
ferent soils or the behaviour of novel fertiliser formulations
such of those derived from waste materials (Hernandez-Mora
et al.,, 2024). Ultimately, this technique could lead to im-
proved prodAuuctivity and more sustainable use of P fertil-
izers. By bridging the gap between laboratory insights and
field relevance, the application of spatially resolved DGT
tools holds considerable promise for supporting more effi-
cient, site-specific, and sustainable use of phosphorus fertilis-
ers in agricultural systems.
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