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A B S T R A C T

Phosphorus fertilisation is crucial for crop yields. However, traditional phosphate resources are dwindling, thus
a more efficient use of phosphorus fertilisers is required for sustainable farming. This study demonstrates the
scope of image-based models parameterised by elemental maps by assessing how a dynamic root system ar-
chitecture may improve phosphorus root uptake from a fertiliser pellet. A multi-image based modelling method
was developed by utilising structural imaging coupled with elemental maps. Structural imaging was used to
capture barley (Hordeum vulgare L. cv. Optic) root, soil and fertiliser pellet configurations as a domain for nu-
merical simulations. Elemental mapping was used to image phosphorus in soil thin-sections of the same samples.
These two imaging modes were aligned using an automated method and image-based models describing the
diffusion and root-uptake of phosphorus in soil were parametrised using the elemental maps. Structural imaging
showed root length density was increased inside and near the fertiliser pellet. Averaging elemental data revealed
phosphorus gradients from the pellet. Modelling results suggested: the pellet only enhances phosphorus uptake
of roots within 2mm over 30 days, densely packed roots decrease phosphorus uptake efficiency, and a root
system that responded to nutrients from a fertiliser have comparatively increased phosphorus uptake efficiency
near the pellet. The combination of structural and elemental imaging provides the means to accurately para-
meterise both the geometric and chemical aspects of models describing phosphorus movement in root-soil-
fertiliser systems. This approach may be applicable to other plant-soil systems where structure and elemental
quantities are important to the problem.

1. Introduction

Phosphorus (P) is one of the most important nutrients for plant
growth and thus P fertilisation is often needed to obtain high crop
yields (Barber, 1995). Due to the increasing global population, the
demand for P fertilisers is rising (Cordell et al., 2009). However, only
10–20% of P fertiliser applied to a field is taken up by the crop in a
growing season, the rest is immobilised in the soil (Cornish, 2009). The
primary source of (inorganic) P is the finite resource rock phosphate,
however the supplies are dwindling (Cordell et al., 2009). To ensure a
continued and sustainable use of P, it is necessary to develop more
efficient usage of P, find renewable alternatives to rock phosphates and
optimise agriculture practices. The carbon cost of the Root System Ar-
chitecture (RSA) required to access P from the fertiliser and the quan-
tity of P immobilised through soil adsorption have been identified as
potential contributors to sustainable P fertilisation (Talboys et al.,
2016).

Roots respond to heterogeneous nutrient distributions in soil with a
dynamic RSA (Drew, 1975), a trait which could be exploited to improve

the efficiency of pellet-based fertilisers. Experiments have shown that
RSA responses are more important for less mobile ions such as phos-
phate than mobile ions such as nitrate in terms of competition with
other plants (Fitter et al., 2002). Furthermore, models have suggested
that an increased root length density is an important factor for en-
hanced P uptake (Silberbush and Barber, 1983).

Despite the significance of the RSA on P uptake efficiency (defined
as P absorbed by the plant per carbon spent on the root system) con-
ventional root-soil interaction models typically reduce the RSA to
simple parameters related to root length density, root growth rates,
and/or root branching rates (Itoh and Barber, 1983; Silberbush and
Barber, 1983; Barber, 1995; Wang et al., 2013; Heppell et al., 2015). To
assess the nuance and importance of RSA on P uptake from a fertiliser
source in soil using modelling, the RSA should explicitly be considered
(Gérard et al., 2017). Image-based modelling provides a means to si-
mulate P uptake of a RSA by basing the domain of the model from 3D
images of roots in soil. A similar approach was taken to study water
uptake (Daly et al., 2017).

Image-based models (models which are solved on domains from
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imaged samples) have been used in many research topics when geo-
metry plays an important role in the functionality of the system
(Tsubota and Adachi, 2004; Zhao et al., 2013; Daly et al. 2016, 2017;
Roose et al., 2016; Cooper et al., 2017; Koebernick et al., 2017). Image-
based models improve on classical models where roots, or other geo-
metrical structures such as bone or tissues, are represented by para-
meters and solved in idealised geometries. However, recent reviews
have called for models of soil to be verified with experiments to pro-
duce more predictive tools (Roose et al., 2016; Vereecken et al., 2016).
In this paper, the 2D elemental mapping technique Scanning Electron
Microscopy with Electron Dispersive X-ray Spectroscopy (SEM-EDS)
was applied to thin-sections of the imaged samples as a means for
verifying and informing image-based models. To demonstrate this
multi-image-based approach, an image-based model describing root P
uptake from a small fertiliser pellet is fit to P elemental maps. The
capabilities of the model are demonstrated by investigating root P up-
take efficiency of different RSAs from a fertiliser pellet. The model is
used to approximate P uptake from a mixed struvite and mono-
ammonium phosphate (MAP) pellet. It is hypothesised that a dynamic
RSA can improve P uptake efficiency from fertiliser pellets by de-
creasing the overall carbon cost while maintaining a high rate of P
acquisition. We demonstrate that these models provide the means to
investigate such hypothesis.

The barley plants used in this study were grown with and without
the addition of a single struvite-MAP pellet. After a 30 day growth
period, the samples were 3D imaged using X-ray Computed
Tomography (XCT) to provide structural information and thin-sections
were elementally mapped using SEM-EDS. These images were used to
both provide a geometry for and parameterise finite element modelling.

To effectively combine XCT and SEM-EDS data, the 2D image slices
representing the thin-sections were required to be found within the 3D
XCT data. Disturbances caused by the resin perfusion and thin sec-
tioning process could affect P gradients observed in the SEM-EDS data.
The alignment of the XCT and SEM-EDS data verifies that the resin
perfusion and thin sectioning process does not alter the morphology
significantly. Furthermore, the 3D distribution of roots around the thin-
section can be calculated using the aligned XCT data. Few methods exist
for aligning XCT to SEM-EDS, Hapca et al. (2011) offer a statistical
approach for aligning the data. Their method uses Pearson Correlation
Coefficient (PCC) as a measure of image similarity to compare two 2D
images of the same dimensions. The XCT slice (from a selection of or-
ientations) obtaining the highest PCC with the thin-section is chosen as
the aligned XCT data. This method is computationally expensive as each
slice of each orientation needs to be compared to the thin-section.
Moreover, if the SEM-EDS and XCT slices are not the same size, two
further search parameters are introduced for image cropping.
Chicherova et al. (2014) offer a qualitative approach to solve the pro-
blem using 2D computer vision techniques. As a similar approach is
taken in this study, a full description of this method is given in the
Materials and Methods section and a comparison of this approach with
that of Hapca et al. (2011) is given in the Discussion.

To study P uptake by plants and the importance of RSA in this
contribution, elemental maps of the thin-sections were aligned to 3D
XCT images using an automated method. The XCT data was used to

provide a geometric parameterisation for a model describing the
movement of P in soil from a fertiliser pellet and subsequent uptake by
roots. The P movement model was parametrised using the gradients
detected in aligned SEM-EDS maps. Finally, the parametrised model
was used to investigate how changes in RSA affect P uptake from a
fertiliser pellet.

2. Experimental

2.1. Plant preparation and growth

2.1.1. Soil preparation
The soil growth media was a sand-textured Eutric Cambisol col-

lected from the surface Ah horizon of a lightly sheep-grazed plot at
Abergwyngregyn, North Wales (53°14′N, 4°01′W). Soil was sieved
to< 5mm to remove stones. Sterilisation was required to use the
shared growth chambers at the University of Southampton, thus, the
soil was autoclaved and air dried at ± °23 1 C for 2 days. The soil was
subsequently sieved to sizes between 1680 μm and 1000 μm, producing
a well-aggregated, textured growth medium. The soil properties are
summarised as: The pH (H2O) is 6.12 ± 0.05; electrical conductivity is
26.5 ± 0.1 μS cm−1; total carbon is 25.35 ± 1.47 g kg−1; total ni-
trogen is 2.95 ± 0.06 g kg−1; organic matter is 4.87 ± 0.22%; clay
makes up 20%, silt 37% and sand 43%; the crystalline (citrate-dithio-
nate-bicarbonate extractable (Jackson et al., 1986)) iron and alumi-
nium are 1.4 ± 0.1 g kg−1 and 1.6 g ± 0.0 kg−1 respectively (taken
from Oburger et al. (2011)); amorphous (acid-ammonium-oxalate ex-
tractable (Loeppert et al., 1996)) iron and aluminium are
5.0 g ± 0.1 kg−1 and 1.6 g ± 0.0 kg−1 respectively (taken from
Oburger et al. (2011)); total (aqa regia) iron aluminium and calcium are
46 g ± 0.5 kg−1, 28 g ± 0.6 kg−1 and 1.9 g ± 0.1 kg−1 respectively
and exchangeable Ca2+ and K+ are 501.0 mg ± 121.9 kg−1 and
501.0 mg ± 121.9 kg−1 respectively.

Samples were prepared in 50mL falcon tubes to a soil bulk density
of 1.508 ± 0.045 g cm−3. Four treatments were prepared covering all
combinations of two variables: plant and no-plant, and pellet and no-
pellet. The samples containing no plant are denoted C, with plants PL,
with fertiliser CG and with both fertiliser and plants PLCG. Three re-
plicates of each treatment representing the four conditions were pre-
pared for imaging after 30 days of growth or incubation in soil.

2.1.2. Plant growth
Barley (Hordeum vulgare L.) cv. Optic was selected for study. Seeds

were germinated in the dark between sheets of damp Millipore filter
paper at ± °21 2 C for 3 days prior to transplanting to soil growth media
in a 50ml falcon tube. The germinated seeds were placed in a growth
cabinet on a 16/8 h day/night cycle at constant temperature of 23 °C
and constant humidity of 60%. The plants were watered by perforating
the falcon tubes at the bottom and placing them in a pool of water with
a depth of 2 cm.

2.1.3. Fertiliser additions
The fertiliser pellets used were 20% struvite and 80% mono-am-

monium phosphate (MAP) (Ostara, Vancouver, Canada, http://ostara.

Abbreviations

XCT X-ray Computed Tomography
SEM-EDS Scanning Electron Microscopy with Electron Dispersive X-

ray Spectroscopy
PCC Pearson Correlation Coefficient
RSA Root System Architecture
SIFT Scale Invariant Feature Transform
MAP Monoammonium Phosphate

P Phosphorus
PL Plant Treatment
CG Fertiliser Treatment
PLCG Plant-fertiliser Treatment
C Control Treatment
PLCGEDS units Relative measure of P concentration in the PLCG

SEM-EDS scan (proportional to M)
CGEDS units Relative measure of P concentration in the CG SEM-

EDS scan (proportional to M)
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com/). This ratio of low water solubility struvite and high water solu-
bility MAP was found to offer the required initial P for plants as well as
a sustained source over a growing period (Talboys et al., 2016). In the
phosphorus addition conditions (CG, PLCG) a pellet of 0.3 g ± 0.02 g
was placed at the centre of the tube at a depth of ∼10 mm below the
seed. A covering of ∼10 mm soil was added above the seeds.

2.2. Imaging studies

2.2.1. XCT
Each of the three replicates of four conditions were imaged with

XCT after the 30 day growth/incubation period. XCT data was acquired
using the Custom 450/225 kVp Hutch at the μVIS Centre for Computed
Tomography at the University of Southampton. The images were seg-
mented into pore space, clay-water mixture (the micro-porous material
with pore-size below the resolution of the scan, made up of mainly
water and small clay and silt particles), primary mineral, root and
fertiliser phases. For more details on imaging parameters, reconstruc-
tion and the segmentation see the Supplementary Material. Fig. 1a
shows an example slice from the reconstructed XCT data of the plant-
fertiliser treatment and Fig. 1b shows the result of the segmentation.
Three small glass beads of ∼500 μm diameter were bonded to the ex-
terior of each tube prior to imaging as fiducial markers. The purpose
was twofold: to guide sectioning of the resin-perfused block following
XCT (see following section) and aid alignment of each XCT scan to the
corresponding planar thin-section.

For the purposes of modelling, the clay-water mixture, pore and
primary mineral phases was assumed homogeneous and meshed as a
volume. As the roots and fertiliser are only considered as boundaries in
the model, only the surfaces were meshed (Fig. 1c). The computational
mesh suitable for finite element modelling was generated using ScanIP
2016 (Synopsys, California, USA). Typically, the resulting volume ele-
ment volume ratio was × −2 10 6 with an average element quality of
0.711. The surface element area ratio was × −5 10 4 with an average
element quality of 0.7195.

2.2.2. Elemental mapping
Single thin-sections of each of the 4 treatments were chemically

mapped using a LEO 1450VP SEM EDS system (Zeiss, Oberkochen,
Germany). For details on the thin section preparation and SEM-EDS
mapping see the Supplementary material. The distribution of P in soil is
inherently heterogeneous, thus to extract useful information from the
data denoising and averaging methods were used. To denoise the data,
spatial averages were taken over regions with increasing distance from
fertiliser pellets/roots in each EDS map (we refer to this data as aver-
aged EDS data). Measurements from EDS are only relative to the scan,

hence, concentrations cannot be compared between maps without ca-
libration. The fertiliser pellet was used as a calibrator to compare
measurements between the CG and PLCG maps, see the supplementary
material for more details.

2.2.3. Alignment
To be sure the thin-sectioning processes did not disturb the sample,

each thin-section was compared to XCT data of the sample before resin
perfusion and thin-sectioning. This was achieved by finding the XCT
slice which corresponds to the thin-section plane, and measuring si-
milarity using the statistical measure of PCC.

If the same approach as Hapca et al. (2011) was applied to one of
the current sets of XCT and EDS data it would take 543,524 times longer
than the computations carried out in Hapca et al. (2011) due to the
larger image sizes. Instead, the method of Chicherova et al. (2014) for
aligning histology sections to XCT data was adapted to align SEM-EDS
to XCT. This approach makes use of a 2D object detection and de-
scription technique known as the Scale Invariant Feature Transform
(SIFT) (Lowe, 1999). The method compares objects in each XCT slice to
the Back Scattered Electron image (BSEI) of the thin-section by com-
paring the descriptors. If two objects are similar enough, the corre-
sponding location in the XCT stack is saved. Once this process has been
carried out for an entire stack, the aligned XCT slice is taken to be the
best fit plane to the resulting points from each XCT slice. The whole
stack was then re-oriented in the direction normal to said plane. The
resulting XCT slices were larger than the thin-sections. Thus, to find the
location of the thin-section on the matched XCT slice, the XCT slice was
cropped to the same dimensions as the BSEI at every possible location
and the PCC between the BSEI and cropped XCT slice was calculated.
The crop with the maximum PCC was selected as the location of the
thin-section on the aligned XCT slice.

3. Modelling

To capture the complexity of the system an image-based model,
which considers the geometry of the root-soil-fertiliser system, was
implemented. This model requires subsampling of the XCT data large
enough to avoid artificial boundary effects. Furthermore, model pre-
dictions were required to be optimised to fit the averaged EDS data. To
approximate the appropriate size of the subsample and have a good
initial guesses for the minimisation, a simpler model which does not
consider the geometry was first solved and fit to the averaged EDS data.
This was achieved using a spherical equilibrium-reaction diffusion
model and minimisation, details of which can be found in the
Supplementary Material.

Fig. 1. Example processing of raw XCT data into classified images used for analysis and modelling. a) A raw XCT slice of the plant-fertiliser treatment, b)
Segmentation of the raw XCT data into its phases (the result of the segmentation routine described in the XCT section) c) Geometry used for image-based modelling,
Ω is the volume representing homogeneous clay-water mixture, air-filled pore and primary mineral; the outside surface of Γr represents the root boundary; and the
outside surface of Γf represents the fertiliser boundary.
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3.1. Image-based model

To investigate how changes of root architecture around a fertiliser
pellet affect plant P uptake, image-based models, which account for the
root-fertiliser geometry are required. The soil is assumed homogeneous
and represented by ⊂Ω 3. The phases segmented from the XCT data
are used to define the geometry of Ω and its boundary Γ. Let Γr re-
present the root surface, Γf represent the fertiliser surface and let Γb
represent the image boundary (that is, the edge of the region con-
sidered) then = ∪ ∪Γ Γ Γ Γr f b. Fig. 1c shows an illustration of the do-
main and its boundaries.

Equations governing the dynamics of P were imposed on the geo-
metry. P in homogeneous soil in general moves by diffusion and ad-
vection (Roose et al., 2001). As only small volumes of soil with negli-
gible hydraulic gradient are considered, the effect of advection can be
discounted (Roose and Fowler, 2004). P is known to adsorb to and
desorb from soil particles (Barber, 1995). This is assumed to be a linear
first order reaction which happens rapidly on the diffusion time scale,
thus the amount of adsorbed P can be well approximated by P in so-
lution using the buffer power (Roose et al., 2001). As the soil is assumed
homogeneous these reactions happen in the whole domain, thus the
movement of P is governed by the partial differential equation,

+ ∂
∂

= ∇⋅ ∇ ∈xϕ b P
t

ϕD P( ) , Ω,l
l (1)

where xP t( , )l [mol m−3] is the P concentration at point ∈x Ω and >t 0,
ϕ is the macro porosity of the soil, b is the buffer power of P in the soil
and D [m2 s−1] is the diffusion rate of P in soil pore water.

The uptake rate of P by roots is linear in P at low concentrations
(Barber, 1995). As the soil was P deficient we assume linear uptake

∇ ⋅ = − ∈n xϕD P λP , Γ ,rl l r (2)

where λ [ms−1] is the P uptake rate (Tinker and Nye, 2000) and nr is
the unit normal to the root surface pointing into Ω. The parameter λ is
related to the more common Michaelis-Menten uptake parameters with
the approximation ≈λ F

K
max

m
where Fmax [mol s−1 m−2] is the maximum

uptake rate and Km [mol m−3] is the P concentration when uptake rate
is half the maximum. It is assumed that the fertiliser pellet has a uni-
form concentration therefore the following boundary condition is im-
posed on the fertiliser pellet surface,

= ∈xP P , Γ ,l f f (3)

where Pf [mol m−3] is the concentration of P at the fertiliser surface.
On the image boundary, Γb, a zero-flux boundary condition is im-

posed,

∇ = ∈n xϕD P · 0, Γ ,bl b (4)

where nb is the unit normal to Γb pointing into Ω. Uniform initial
conditions are assumed,

= = ∈xP P t, 0, Ω,l l
0 (5)

where Pl
0 [mol m−3] is the initial concentration of P in solution.

3.2. Selecting the domain

The scanned samples were too large to segment, mesh and solve
models on in their entirety, therefore subsamples had to be chosen. The
region of the soil columns chosen for segmentation, meshing and
image-based modelling is shown in Fig. 2. This region contains the
preliminary diffusion length scale (using the preliminary Deff , calcu-
lated in the Supplementary Material Eq. (S5)) from the fertiliser pellet
to the edge of the domain along its long edges and a section of the
fertiliser pellet is contained in one corner. Choosing the top right
quadrant in the PLCG treatment and bottom right quadrant in the CG
treatment maximised the EDS data contained within the sub-region,
eliminating any user choices. Further, imposing no-flux boundary

conditions on all the internal boundaries except the top boundary is
justified due to the radial symmetry of diffusion (modulo soil and root
heterogeneity) of P from the pellet in the entire sample. A zero-flux
condition on the top boundary is physically unjustified as in reality this
is not the top of the soil column. However, the distance from the pellet
to the top boundary is the approximate diffusion length scale. Hence,
little P from the pellet will reach this boundary over 30 days, mini-
mising this artificial boundary effect.

3.3. Parametrising the image-based model

The model has unknown parameters, however many of these can be
calculated from the XCT and elemental data. The macro porosity of the
soil, ϕ, was calculated directly from the XCT data and the diffusion
coefficient of P in water, D is known. The remaining parameters, Pl

0, λ,

Fig. 2. Subsample chosen for image-based modelling. The outlined black region
is the subsample of the XCT images chosen for modelling. The pink sphere
represents the fertiliser pellet and the yellow plane represents the location of
the thin-section within the sample. =l 15.92diff mm is the diffusion length scale
over 30 days (using the preliminary Deff , calculated in the Supplementary
Material Eq. (S5)), and r =12.38mm is the distance from the centre of the
pellet to the edge of the soil sample calculated from the image data. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)
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and b were fit to the averaged EDS data from the CG and PLCG treat-
ments. First, Pl

0 and b are fit to the CG averaged EDS data. Let
= …v v v( , , )n1 be the CG averaged EDS data with increasing distance

from the fertiliser pellet and let xP t b P( , ; , )l l
0 be the solution of the

image-based model described by Eqs. (1)–(5) with the geometry ex-
tracted from the CG XCT images (in this case there is no root boundary,
Γb) for a given Pl

0 and b. The initial condition, Pl
0 and buffer power, b

were calculated as the values which minimised the least square distance
between the model solution and the averaged EDS data,

∑ − ⎞

⎠
⎟≥

∗P t x b P vmin ( ( , ; , ) ,
P b i

l i l i
, 0

0
2

l
0 (6)

where xi are the grid points of v and =∗t 30 days. Once the physical
parameters were fit, the root uptake, λ, was fit to the averaged EDS data
from the PLCG treatment. Let = …u u u( , , )n1 be the PLCG averaged EDS
data and let xP t λ( , ; )l be the solution to the image-based model de-
scribed by Eqs. (1)–(5) with the geometry extracted from the PLCG XCT
images for a given λ. The root-uptake rate, λ, was calculated as the
value which minimised the least square distance between the model
solution and the averaged EDS data,

∑ −
≥

∗P t x λ umin ( ( , ; ) ) ,
λ i

l i i
0

2

(7)

where xi are the grid points of u.

3.4. Numerical Experiments

Once the image-based model was parametrised, simulations were
run to assess how RSA affects P uptake from the fertiliser pellet.
Predicted plant P uptake in the PLCG treatment was compared to that in
the PL treatment where an artificial fertiliser pellet was added to the
computational mesh in the same location as the PLCG treatment to add
an equivalent source of P. In this comparison, the only difference be-
tween the models is the RSA; in the PLCG case the RSA has reacted to
the fertiliser pellet while the PL RSA has not. The amount of P from the
fertiliser pellet that becomes adsorbed to the soil is compared between
the two treatments. Furthermore, root P uptake rate per root surface
area with distance from the fertiliser pellet is measured to determine
the soil region where the fertiliser replenishes P supplies previously
diminished by roots.

3.4.1. Numerical simulations and minimisation algorithms
A finite element method was implemented in Comsol 5.3 to solve

the image-based model. Order one Lagrange polynomials were chosen
as the basis functions when running minimisation algorithms for speed,
while order two Lagrange polynomials were used for the Numerical
Experiments. The resulting system of linear equations was solved using
the MUMPS algorithm. Backwards differentiation formulas between
orders 1 were 5 are used to step in time. Minimisations were solved
using MATLAB fmincon interior point algorithm. The initial point for
minimisation problem (6) was selected as the solution to the spherical
minimisation problem described in supplementary material Eq. (S5),
using = −b ϕϕD

Deff
. The initial point for minimisation problem (7) was

selected as =λ 0 ms−1. Table 1 summarises the treatments and their
use in modelling and data fitting.

4. Results

4.1. Imaging studies

4.1.1. XCT
Lateral barley roots were seen to penetrate through the fertiliser

pellet in each of the three plant-fertiliser replicates (Fig. 1 and in
Supplementary Material, Fig. S2).

Processed XCT data suggests that within ∼ 2 mm of the centre of the

fertiliser pellet lateral root length density is over 3 times the bulk
measurement (illustrated with red dots in Fig. 3). To be sure that the
observed trait is not an artefact caused by pellet location in the centre of
the tube, the PL scan was segmented in the region where the pellet
would be placed, and root length density was measured with increasing
distance from the centre of the tube (plotted with blue dots in Fig. 3).
The PL root length density stayed relatively constant when compared
with the PLCG root length density.

4.1.2. Elemental mapping
SEM-EDS reveals that most P heterogeneity in sandy-loam soil ori-

ginates from mineral particles (Supplementary Material Fig. S3). P in
mineral forms, such as apatite, is likely unavailable to plants directly.
Further, P was detected in the air-filled pore space. This was caused by
fine soil fractions becoming suspended in the resin during perfusion, see
Supplementary Material Fig. S3, an artefact of the process. As such,
only P in the clay-water mixture phase is considered from the SEM-EDS
data from here onwards. Averaging P concentration with distance from
the edge of the fertiliser pellet in the CG treatment shows a short gra-
dient, Fig. 6 (Supplementary Material Fig. S8 shows the same gradients
with p-values displayed for adjacent data points). Similar gradients can
be seen for calcium in the supplementary material (Supplementary
Material Fig. S7).

4.1.3. Alignment
Aligning the SEM-EDS BSEI to XCT data shows that the resin per-

fusion and thin-sectioning process did not disturb the sample. Table 2
shows the PCCs between the BSEI of the thin-sections and the aligned
XCT slices. Fig. 4 shows sub-regions of the aligned XCT slices, along
with the corresponding regions in the BSEIs and P maps. Supplementary
Material Figs. S4 and S5 shows a visual comparison of the best and
worst matches for the entire images. Any movement of P is attributed to
natural causes as opposed to an experimental artefact, thus any ob-
served P gradients are characteristic of soil in situ.

The XCT scans were orientated in the direction normal to the thin-
section, and all roots were segmented in a 0.5 mm region either side of
the thin-section. From this segmentation, a 3D distance transform of the
roots could be calculated on the thin-section, see Fig. 5, and average P
content with distance from root could then be calculated. However, no
P gradient originating from the roots could be detected in both the PL
and PLCG treatment. This is due to the sensitivity of the method, the
roots do not alter the soil P profile enough to distinguish changes due to
roots from noise (unlike the fertiliser, which supplies enough P to detect
its effect on the soil profile).

4.2. Modelling

4.2.1. Equilibrium reaction diffusion model
By averaging P intensity in annuli of increasing distance from the

fertiliser pellet high-resolution P gradients originating from the ferti-
liser pellet could be observed (Fig. 6). Solving the minimisation de-
scribed by Eq. (S5) in the Supplementary Material yielded an effective
diffusion coefficient of = × −D 1.64 10eff

10 m2s−1, Fig. 6. This equates to

Table 1
Summary of treatments and the use of their XCT and SEM-EDS data for mod-
elling.

Treatment Abbreviation Input Use

Control C N/A Baseline
Fertiliser CG N/A Calculating b and Pl

0 (Eq. (6)
Plant Fertiliser PLCG b and Pl

0 Calculating λ Eq. (7) and numerical
experiments

Plant PL b, Pl
0 and

λ

Numerical experiments
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the buffer power of P taking a value of ∼4. The initial condition, c0 was
fit as 1.468 CGEDS units. The same analysis was applied to the PLCG
treatment yielding approximately the same effective diffusion coeffi-
cient. However, the model did not account for the presence of roots.

There is a trade-off between noise/heterogeneity and resolution
when choosing the thickness of annuli to average over. Thin annuli
yield noisy data with higher spatial resolution while thick annuli pro-
duces smoother, lower spatial resolution data. Fig. S6 shows that an
annulus thickness between 0.53 and 3 mm yields stable results from the
data fitting. It was assumed the image-based model minimisation pro-
blems have a similar stability for annulus size, these were fit with 1.194
mm thick annuli.

4.2.2. Parameterising the image-based model
Solving the minimisation problem described by Eq. (6) results in

=P 1.6985l
0 CGEDS units = 1.231 PLCGEDS units and =b 418 (im-

plying = × −D 1.05 10eff
12 m2s−1). Solving the minimisation problem

described by Eq. (7) results in a root uptake rate of = × −λ 4 10 8 ms−1.
Fig. 7a shows how the fitted image-based model solution on the plane
representing the thin-section after 30 days compares to the averaged
EDS data in the PLCG treatment. The root length density (a measure-
ment from the entire 3D subvolume, from the centre of the fertiliser
pellet) is also plotted to explain the region of low P concentration in the
model between 11.5 and 14.5 mm from the edge of the fertiliser pellet.
The seed location is contained within this region causing a high root
length density (see the arrow in Fig. 7a, the top of Supplementary

Material Fig. S4 shows the seed region on the thin-section). If data near
the seed region is excluded when solving the minimisation problem
described by Eq. (7), the resulting root uptake rate was found to be

= × −λ 1.67 10 7 ms−1, producing a better fit in this region, Fig. 7b. This
is attributed to a large air filled void around the seed. Hence, roots in
this area cannot acquire P easily from the soil. The model does not take
this into account as it assumes a homogenous soil-pore distribution.
This allows simulated roots to draw P from the void region. The fol-
lowing numerical experiments are solved in the entire domain, hence
the root uptake rate fit in the entire domain was used.

4.2.3. Numerical Experiments
The evolution of root uptake rate per root surface area with distance

from the centre of the fertiliser pellet over 30 days is shown in Fig. 8.
Only roots within 2 mm of the centre of the fertiliser pellet have en-
hanced P uptake over the 30 day simulation in both cases. The roots
further from the pellet use up the local P supply over time, decreasing
their uptake rate. In the PLCG treatment, roots at 10 and 12 mm have a
lower uptake rate as they are more densely packed in this region, in-
creasing the rate at which P depletes from the soil. In the PLCG case, the
rate for roots 4mm away from the pellet initially decreases, then slowly
increases as P from pellet diffuses from the pellet replenishing this soil
region's P supply.

The total root surface area in the PLCG treatment is × −1.32 10 4 m2

and × −1.254 10 4 m2 in the PL treatment. Total P uptake over the 30 day
period per total root surface area in the plant fertiliser treatment is 0.123
[PLCGEDS units m3m−2] and 0.124 [PLCGEDS units m3m−2] in the
plant treatment with an added fertiliser pellet. When only roots within
4mm of the fertiliser pellet were considered, total P uptake over 30
days per root surface area in the plant fertiliser treatment is 0.13329
[PLCGEDS m3m−2] and 0.1262 [PLCGEDS units m3m−2] in the plant
treatment with the added fertiliser pellet. At 30 days the total amount of
P adsorbed to soil particles in both the plant fertiliser and plant treat-
ment is × −7.8 10 4 [PLCGEDS units m3].

5. Discussion

It has been suggested that struvite based fertiliser pellets can po-
tentially reduce the need for crops to allocate carbon to root growth for
soil P acquisition (Talboys et al., 2016). The method of modelling P
uptake from a fertiliser pellet described in this paper offers a novel
approach to answer these types of hypothesis. Whereas previous models
can only estimate P uptake from a pellet per plant (Talboys et al.,
2016), image-based models show promise as a means for investigating
dynamic RSA changes on nutrient uptake from a fertiliser pellet in-situ.
To our knowledge this was the first time image-based models were
verified by elemental mapping, giving them both a geometrical and
chemical grounding.

The spatial accuracy of elemental mapping was used to detect high
resolution P gradients originating from a fertiliser pellet in soil. As the
samples were dried and resin perfused before scanning, it is unclear if it
is plant available P that was measured using this approach. It has been
suggested that when P concentration in soil solution is high, such as
near a fertiliser pellet, precipitation of P as calcium, iron or aluminium
phosphates occurs (Barber, 1995). Precipitation into calcium phosphate
maybe prominent in the experimental system due to the calcium supply
from the fertiliser pellet (Tunesi et al., 1999). These forms of P are
included in the measurements using this method. Precipitated P is ty-
pically unavailable to plants directly, however, it can be seen as a proxy
for plant available P.

Segmentation of XCT data showed that root length density increased
within 2mm from the centre of the fertiliser pellet in two repeats
(Figs. 3 and 7). This result confirms findings from previous studies re-
garding root response to regions of high P concentration, but in a more
local region and in vivo (Drew and Saker, 1978). Furthermore, in each
of the PLCG treatments many lateral roots were found in the struvite

Fig. 3. Root length density with increasing distance from the centre of a fer-
tiliser granule in one plant and one plant-fertiliser treatment. The red dots
shows the plant-fertiliser treatment. The blue dots shows the plant only treat-
ment with an artificial (‘dummy’) fertiliser pellet located in the centre of the
tube. The first two data points are zero in this case as there were no roots in the
region closest to the centre of the tube. The black dashed line shows the ap-
proximate edge of the fertiliser granule. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 2
PCC between the entire aligned XCT slice
and the BSEI of the thin-section.

Treatment PCC

C 0.169
CG 0.091
PL 0.329
PLCG 0.485
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pellet, suggesting roots can promote dissolution of the fertiliser.
The alignment demonstrates that the resin perfusion and thin-sec-

tioning process does not disturb the samples spatially. The correlation
coefficients between the aligned XCT slices and SEM-EDS BSEIs are
similar to those reported from the alignment method of Hapca et al.
(2011). However, in this study much larger images are considered and
each alignment taking approximately 3 h. The alignment allowed 3D
distance from the roots to be calculated on the thin-section. Although P
gradients were not detected around roots in this study, we suggest in
further investigations to use the same method in a clay soil with added
homogenised phosphate to detect P depletion zones.

Numerical experiments showed that the treatment with a plant and
a fertiliser pellet was more efficient in P uptake near the pellet than the
plant only treatment with an artificial pellet added to the

computational mesh. Using an approximate carbon cost per root length
value of 1.7 μmol mm−1 (Nielsen et al., 1994), we calculated that the
plant in the plant-fertiliser treatment has to spend × −1.94 10 6 μmol
( × −2.3 10 11 g) more carbon on its root system within 4mm of the pellet
than the plant in the plant only treatment to extract 12.5% more P from
within 4mm of the fertiliser pellet over the 30 day simulation. These
numerical experiments were controlled for RSA changes caused by the
pellet during the growth period, suggesting a dynamic RSA is important
for efficient P uptake from a fertiliser pellet. Overall P efficiency was
roughly equal when considering the entire subvolumes. This was
caused by the plant-fertiliser subvolume containing the seed in the top
right corner, creating a region of densely packed roots (Supplementary
Material Fig. S4). These roots access P from the same region of soil
depleting supplies rapidly, decreasing P uptake efficiency (see Fig. 8

Fig. 4. Visual comparison of sub-regions of the aligned XCT slice, BSEI and P EDS map for each thin-section. The P-EDS maps are shown as a heat map to highlight the
contrast. Note, to capture the contrast within each image the brightness contrast is varied between images, thus the heat map scales are relative to each image.
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data points between 8 and 14mm from the centre of pellet), while the
plant only treatment has more evenly distributed roots. The model
predicts both the plant fertiliser and plant only treatment have ap-
proximately equal amounts of soil-adsorbed P after 30 days. However,
the model assumes the P adsorption/desorption reactions are in equi-
librium and does not consider root exudates which are thought to be
important for P solubilisation and P use efficiency (Oburger et al.,
2011). To investigate the efficiency of fertiliser pellets in terms of im-
mobilised P, a model which considers dynamic P-soil reactions as well
as organic acids is required.

The fertiliser pellet only enhances the P uptake rate per root surface
area of roots within 2 mm of the pellet over a 30 day period; it seems
the important mechanism for P uptake from a fertiliser pellet is root
proliferation near the pellet, rather than the diffusion of P from the
pellet to the roots. Furthermore, the roots were observed inside the
pellets, this could be due to direct fertiliser solubilisation by root exu-
dates, possibly another important mechanism for P uptake from a fer-
tiliser pellet. On the other hand, regions of soil containing densely
packed roots with no means for P replenishment were seen to rapidly
deplete soil P supplies, reducing P uptake efficiency.

This study invokes a simplified mathematical description of the

physical system with parameters that can be fit accurately and uniquely
to the data. While a more complex model could provide deeper insights
into the underlying processes, this would introduce more system
parameters, thus requiring extra experimental data not available in the
current study. For example, this model considers a linear uptake on the
root surface. While this assumption is consistent with literature, a more
physically detailed description would be to impose Michaelis-Menten
uptake on the root surfaces (Barber, 1995). However, this introduces an
extra parameter that requires temporal resolution in the experimental
data to fit accurately. Similarly, considering buffer power to describe
adsorbed P is a simplification from the dynamics involved in the
Langmuir isotherm model, as it reduces the complexity and lends itself
to unique parameter estimations given the data used in this study.

The fitted model predicts the buffer power of P (b, the ratio of
sorbed to solution P) for the sand-textured Eutric Cambisol under the P
conditions induced by the fertiliser pellet as 418. Oburger et al. (2011)
calculated the buffer power of a similar soil to be 6. This is not in-
consistent with the current result. The assumption that adsorbed P can
be approximated by solution P using a constant buffer power is only
accurate in a certain concentration range as soil sorption sites become
saturated (Barber, 1995). The amount of solubilised P in the experiment
of Oburger et al. (2011) is likely much more than that provided by the
0.3 g fertiliser pellet which provides 84 mg of solid P to a local soil
region. In the current experimental setup the soil contains a wide range
of P concentrations. A nonlinear reaction model such the Freundlich or
Langmuir isotherm would be more suitable to capture the change in
sorption (Barber, 1995). However, this would introduce an extra
parameter overfitting the experimental data.

Care has to be taken when translating the results to the field scale
due to the unnatural growth conditions (the 50ml tubes constrained the
root system over the 30 day growth period). However, increased RLD
near the pellet was seen in the plant fertiliser treatment and not in the
plant only treatment, suggesting increased RLD near the pellet was not
caused by growing constraints.

The model assumes the root system maintains its final configuration
over the entire simulation. Although this is not exactly representative of
the system, the respective growth rates are comparatively much faster
than P transport in soil. Barley root typical elongation rate is between
20 and 35mm day−1 (Rajala et al., 2002), therefore the root-growth
time scale is over 100 times faster than the P effective diffusion time
scale, therefore the two processes can be time-separated as done in this
paper. Thus this approximation should not incur large errors.

The method developed in this study shows great potential as a
means for investigating dynamic RSA changes on nutrient uptake.
Preliminary studies suggest that a RSA reaction to nutrients from a
fertiliser pellet is important for efficient P uptake in terms of root
carbon cost. Due to the slow transport of P through soil, roots finding
and reacting to the fertiliser pellet contributes more to P uptake from
the pellet than P diffusing from the pellet to roots at greater proximity
over a 30 day period. Results suggest that models which describe P
uptake from fertiliser pellets should consider the dynamic RSA as an
important mechanism.
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Fig. 5. Nearest root distance on the thin-section. The heat map shows the 3D
distance of each clay-water mixture pixel from its nearest root (in mm) for the
thin-section of the PL treatment. The 3D segmented roots (rendered in magenta)
were used to calculate this distance.

Fig. 6. Preliminary spherical model compared to averaged fertiliser only SEM-
EDS data. Blue points show average P SEM-EDS intensity (annulus thick-
ness= 0.58 mm) with distance from the edge of the fertiliser granule in the CG
treatment thin-section, the error bar shows the standard error in each annulus.
The line shows a solution of the spherical-diffusion equation (described by
Supplementary Material Eqs. (S1-4)) with = × −D 1.64 10eff

10 m2s−1, fitting the
data. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 7. Image-based model compared to averaged plant-fertiliser averaged SEM-EDS data. Shown in black is the root length density (RLD) from the PLCG treatment to
explain P-depletion in the model. The red circles show the averaged EDS data from the same sample. A P gradient is seen originating from the pellet. The red line
shows the image-based model solution (using the fitted parameters and domain extracted from the XCT data of the same treatment) on the plane representing the
thin-section after 30 days. a) Shows the fit when the entire EDS data is considered, including the region containing the seed (see arrow) resulting in = × −λ 4 10 8

ms−1, b) Shows the fit when the region containing the seed is ignored, resulting in = × −λ 1.67 10 7 ms−1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 8. Root P uptake rate per root surface area with distance from the centre of the fertiliser pellet over 30 days in the entire subvolume. The red circles show the
PLCG treatment, the blue crosses show the PL treatment and the black dashed line shows the rate at 0 hours. The uptake rate per root surface area are reported at 120,
240, 360, 480, 600 and 729 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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