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Biopolymer-coated phosphorus fertilizers have shown promising results in slowing the release of P. However,
their dissolution behaviour has been studied mainly in water, and their impacts on soil properties have rarely
been addressed. The aim of this study was to compare the dissolution of P from uncoated triple superphosphate
(TSP) and biopolymer-coated TSP fertilizers at the surface of cropped Mediterranean soils and to evaluate their
impacts on the soil pH and the distributions of several P pools. The experimental treatments were: no fertilizer,
uncoated TSP, TSP coated with lignin and TSP coated with lignin and carrageenan. The spatial and temporal var-

gﬁ%ﬁ;_mlease fertilizer iations in the pH of the fertilized soils were investigated using optodes. The concentrations of different pools of P
Microbial P (available P, microbial P), and total P as well as P recovery at different distances from the granules were deter-
Resin P mined. The coated TSP acidified the soil to a radius of 14 mm around each fertilizer granule, while the acidifica-
Optode tion spread to 21 mm in the treatment with the uncoated TSP. Moreover, an increase in microbial P was observed
P diffusion in the soil treated with coated TSP, possibly due to the carbon input and the consequent increase in microbial bio-
mass. However, slower P-release was observed from the coated TSP due to the effect of the coating barrier. The P
recovery results showed P migration within a 21 mm radius from each granule, and the P recovery from the TSP

coated with lignin alone was significantly greater than that from the uncoated TSP treatment.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Increasing P fertilizer efficiency is a challenge, and “slow-release fer-

Phosphorus (P) is often the most limiting plant nutrient. P deficiency
typically occurs not because of a low amount of total P in soil but rather
because the soil P is in chemical forms that are not available to plants.
Phosphorus fertilizers are applied to soils to increase the supply of bio-
available orthophosphate to plant roots. However, due to the immobili-
zation of P into poorly available P forms, only 10-20 % of P is taken up by
the plant in the first year after fertilizer application (Lan and Mingzhu,
2008; Rop et al., 2018; Timilsena et al., 2015), and the remaining P is
adsorbed or precipitated. For instance, most orthophosphate ions are
adsorbed onto the surface of clay-sized minerals dominated by alumin-
ium and iron oxides (Da Cruz et al., 2017) or precipitated as Ca-
phosphates in highly calcareous soils (Bertrand et al., 1999).

* Corresponding author at: Mohammed VI Polytechnic University, Hay Moulay Rachid,
43150 Ben Guerir, Morocco.
E-mail address: saloua.fertahi@um6p.ma (S. Fertahi).
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tilizers” (SRFs) have been developed for this reason (Fertahi et al.,, 2021;
Giroto et al., 2017). Coating the fertilizer granules with an insoluble ma-
terial is a common method used in SRF formulations. The coating limits
interactions between the soil and the nutrients (i.e., P fixation). Biopoly-
mers are used in formulations coating for granular mineral fertilizers
(Ahmad et al., 2015; Noppakundilograt et al., 2015; Wu et al., 2008;
Wu and Liu, 2008).

Soil pH affects nutrient availability. A soil pH of 5.5-7 is suitable for
nutrients availability to plant roots. The use of biopolymer-coated fertil-
izers has a buffering effect on soils to an approximate pH of 7 (Wang
et al., 2014). Soil microorganisms depend on organic C for energy and
to perform cell synthesis (Lupwayi et al., 2010), and the addition of C-
rich polymers to soil may stimulate their growth (Xiaoguang et al.,
2005) and the immobilization of P. Polymer-coated P fertilizers increase
P availability in soil and maintain this increase for longer than uncoated
fertilizers (Diez et al., 1992; Garcia et al., 1997). Studies have also shown
that the majority of fertilizer P (>80 %) from both uncoated and

0570-1783/© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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polymer-coated fertilizers remains within the first seven millimetres of
the point of application and that <20 % of P migrates farther than a
25.5 mm radius around the fertilizer granule (de Castro et al., 2015;
Lawton and Vomocil, 1954; Lombi et al., 2005). However, studies of
biopolymer-coated “P fertilizers are still scarce; such studies have gener-
ally been performed on nitrogen fertilizers; and they generally have not
specified the polymer used in the coating.

The purpose of this work was to study the dissolution of P from
biopolymer-coated P fertilizers applied to a soil surface and its impact
on soil pH and P dynamics. Three different coatings that had been pre-
viously prepared and characterized (Fertahi et al., 2020b) were applied:
uncoated TSP, coated TSP with lignin (lignin@TSP) and coated TSP with
lignin and carrageenan (lignin-carrageenan@TSP). Carrageenan alone
was not chosen because of the results reported by Fertahi et al., 2019,
showing that TSP coated with only carrageenan had high P-release be-
haviour in water. The effects of these treatments on soil pH were inves-
tigated at different distances from the fertilizer application point over
28 days using optode technology (detailed in the Section 2.3). As the
coating materials were highly alkaline (dissolved in NaOH before use),
we hypothesized that the coated TSP would acidify the soil less than
the uncoated TSP which is known for its low pH. The different pools of
P (microbial P, resin P and total P) in soil were measured at different dis-
tances from the fertilizer application point at 28 days after application.
We hypothesized that i) the P from the coated TSP would spread in a
larger radius around the granule due to its slower release rate and
that ii) the decomposition of the polymeric coatings and C uptake by mi-
croorganisms would lead to microbial growth and greater P immobiliza-
tion in the treatments with the coated fertilizers.

2. Materials and methods
2.1. Soil sampling

The soil samples were taken at the Mauguio INRAE experimental
station in southern France (3°58/39.898" E, 43°36'45.576” N). The re-
gional climate is a typical Mediterranean climate with a mean annual
temperature of 15.6 °C and 650 mm of annual precipitation. Samples
were taken from the top 20 cm of four subplots within an agricultural
plot in October 2019. The agricultural plot had been cultivated for >20
years with a rotation of durum wheat, chickpea and barley. At the sam-
pling time, the planted crop was chickpea (Cicer arietinum L.). The soil
samples were air-dried, sieved to 2 mm, homogenized and stored at 4
°C. The main soil physical and chemical characteristics of the soil sam-
ples are summarized in Table 1.

2.2. Preparation of Petri dishes containing soil and fertilizers

Twenty square Petri dishes (144 cm?) were filled with 171.5 g equiv-
alent dry soil that had been adjusted to 60 % water holding capacity

Table 1

Soil physical and chemical characteristics.
Soil property Value
Clay g kg™! 210.7 + 7.6
Fine silt g kg ' 121 + 16,5
Coarse silt g kg ™! 1943 + 147
Fine sand g kg ! 203.7 + 17.6
Coarse sand g kg™! 2703 +17.9
Total N g kg~ 1.09 + 0.08
Total P g kg ™! 0.55 4 0.02
Organic P g kg™! 0.14 + 0.02
Organic carbon g kg~' 1024 +1.23
Microbial carbon g kg ™! 0.45 + 0.08
CaCO; gkg™! <1
CEC cmolc. g kg ™! 10.25 + 1.23
pH (water) 78 £0.2

n = 3, CEC: cation exchange capacity.
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(WHC). Water was added to the soil by carefully spreading 31 mL of dis-
tilled water over the soil surface with a pipette. The Petri dishes were
closed with lids and pre-incubated for one week at 25 °C in the dark
to stabilize soil microbial activity. Every two days, the soil moisture
was controlled by weighing, and distilled water was added if necessary.
The fertilizer treatments were uncoated granular triple superphosphate
(TSP), TSP coated with lignin (lignin@TSP), TSP coated with lignin-
carrageenan (lignin-carrageenan@TSP) and an unfertilized soil (con-
trol).

The carrageenan polymer was a kappa carrageenan sulfated plant
polysaccharide (CAS: 11114-20-8). The lignin polymer used in this
study was extracted from olive pomace biomass using the alkali method
described previously by Fertahi et al., 2019, 2020a, 2020b. The prepara-
tion of the biopolymer-coated TSP was also previously described in
these references.

Granules with approximately the same mass (39.3 &+ 0.1 mg, corre-
sponding to 9.8 mg of P) were selected, and one granule of each fertil-
izer was placed in the center of each Petri dish. For the coated TSP, the
coating mass and moisture were taken into account in the calculations
so that the amount of P remained the same among all coated and un-
coated granules. Each treatment was replicated four times. The granules
were pushed a few millimetres (1-2 mm) into the soil, and a small
amount of soil was placed on top of and around each granule in order
to achieve a flat soil surface in each Petri dish.

2.3. pH measurements

pH mapping of the soil treatments with or without fertilizers was
performed using optodes (Fig. S1). An optode is a chemical and optical
sensor composed of two parts: a chemical part (dye), which comes
into contact with the sample, and an optical part, which records the sig-
nal emitted by the chemical sensor (Wencel et al., 2014). Optodes rep-
resent a promising technique to obtain information about pH, O, and
CO,, gradients in soil systems in a non-invasive, reversible way and to
study rhizosphere processes at the microscale (Blossfeld et al., 2013;
Blossfeld and Gansert, 2007; Buss et al.,, 2018; Chen et al., 2021; Larsen
et al.,, 2015). Most pH optodes contain analyte-sensitive and analyte-
insensitive dye indicators, and their functions are based on reversible
changes in the luminescence properties of a pH-sensitive fluorophore
(Blossfeld and Gansert, 2007; Faget et al., 2013). As the phenomenon
of fluorescence is reversible, temporal monitoring can be carried out
without disturbing the sample. Several types of optodes exist, and
they vary depending on the signal-recording mode and the output
data format. A distinction can be made between fiber optic measure-
ments, which provide information from a single point, and image mea-
surements, which provide a 2-D data matrix with a spatial dimension. In
the present study, we used both systems, i.e., spot optodes to obtain
fiber optic measurements and planar optodes for imaging.

For the spot system, the principle of measurement is based on the
dual lifetime referencing (DLR) method. This method requires two
luminophores, a luminescent standard (analyte-insensitive) and a fluo-
rescent pH indicator, that have different lifetimes, overlapping excita-
tion and emission spectra (Wencel et al., 2014). An optical fiber was
used to transfer the excitation light to the spot sensor and to return op-
tical signals to the detector (Fig. S2). The difference between the signals
of the indicator fluorophore and the reference luminophore is con-
verted into a phase angle (Blossfeld and Gansert, 2007; Clarke et al.,
2015). This angle is then converted into a pH value based on a calibra-
tion curve using Eq. (1) (Blossfeld and Gansert, 2007).

1)
where @min and ¢max represent the minimum and maximum values

of @, respectively. dpH and pHO provide the slope and inflection point
of the sigmoidal curve, respectively.

pH = pHO + dpH - Ln (L“i“ *(b‘bmax -

— ¥max

(1)
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For the planar optode system, the measurements are based on the
intensity ratiometric method. This method requires a non-pH-
sensitive and pH-sensitive fluorophore that have different optical prop-
erties (Wencel et al,, 2014). The first fluorophore emits in the green part
of the spectrum, whereas the second emits in the red part. In the pres-
ence of protons, the balance of the protonated/deprotonated forms of
the fluorescent probe is altered. This chemical reaction modifies the
fluorescence intensity. A camera detects the fluorescence signals from
the foil. The digital images were separated into red, green and blue im-
ages using image processing software. The pH was calculated based on
the Eq. (2) (Faget et al,, 2013).

Rmin - Rma\x - 1)
R - Rmax

where Ry, and Ryax represent the minimum and maximum values of R

(the red/green ratio), respectively. The derivation dpH gives the slope of

the curve, and pH 0 is the acid dissociation constant of the indicator dye

in a specific system.

The planar and spot optodes were purchased from PreSens GmbH®.
The planar optode (product code: HP5R - PreSens GmbH, pH range
5.5-7.5) used an imaging system (VisiSens TD), and the spot optode
(product code: SP-HP5-SA - PreSens GmbH, pH range 4-7.5) used an
optical fiber (pH-1 SMA LG1). Image processing was performed with
the open-source software Image] (https://imagej.nih.gov/ij/).

For each treatment, three Petri dishes were subjected to pH mea-
surement with spots, and one Petri dish was subjected to planar optode
measurements. A total of 156 self-adhesive spots (7 mm) were placed in
a line onto clean glass slides (13 spots were used for one Petri dish = 3
Petri dishes = 4 treatments). The spots were soaked for at least 3 h in
100 mM phosphate-buffered saline for equilibration and rinsed prior
to being placed on glass slides. Each glass slide was then placed onto
the soil surface by placing the central spot above the fertilizer granules;
this location corresponded to section SO (SO = 0-7 mm = spot 1). The
other spots were placed at different distances from the granule (Fig. 1A),
i.e., 7-14 mm, 14-21 mm, 21-28 mm, 28-35 mm, 42-49 mm and 56-63
mm.

The planar optodes were cut into small (2 cm * 1.5 cm) and large
rectangles (6 cm = 1.5 cm). They were attached to glass slides and equil-
ibrated in a buffer solution as described previously for the spot optodes.
The glass slide with the large rectangular foil sensor was placed at the
center of the Petri dish above the fertilizer granule, and the two small
pieces of the planar optodes were placed at the edges of the Petri dish
(Fig. 1B).

The Petri dishes were then sealed with parafilm to prevent moisture
loss and covered with aluminium foil to protect the optodes from ambi-
ent light. After that, the Petri dishes were incubated for 28 days at 25 °C
in darkness. pH measurements were made in a custom-made dark
chamber after 6 h, 1, 2, 3, 6, 7, 10, 15, 20, 24 and 28 days of incubation.
After each measurement, the Petri dish was closed again until the fol-
lowing measurement, and the moisture was controlled and readjusted
to 60 % WHC. To this end, water was homogeneously added evenly
through holes on all four sides of the Petri dish, thus preventing interfer-
ence with the sensors or with P diffusion.

The spot and planar optodes were calibrated in a phosphate
(NapHPO4 and NaH,P0,) buffer solution. As fluorescent pH probes are
sensitive to ionic strength (Weidgans et al., 2004), the ionic strength
of the buffer solution was adjusted to 20 mM with NaCl. This ionic
strength was chosen based on the electrical conductivity of the soil
sampled at a radius of 20 mm around the TSP fertilizer granules
(Table S1).

pH = pHO + dpH - Ln( (2)

2.4. Measurements of P pools

After the last pH measurement, i.e., after 28 days of incubation, the
soil was collected for P pool measurements. Small cylinders (d = 7
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Graunule
below

Graunule

Optode below

Fig. 1. Petri dishes with soil and TSP granules in the middle, with A) spot optodes (n =
3) and B) planar optodes (n = 1) placed on glass slides and fixed above the soil surface.

mm, h = 2 cm) were used to collect the soil at distances of 0-7, 7-14,
14-21, 42-49, and 56-63 mm from each TSP granule, as described in
Fig. 2. Soil samples were taken in four directions (north, south, west
and east) from the center of each dish. One soil subsample was used
for resin-P measurements, while another subsample was used for mi-
crobial P measurements. Resin-P targets phosphate ions in solution
and loosely sorbs onto soil surfaces; therefore, it represents plant-
available P. Microbial P targets the P contained in soil microorganism
cells. Both were extracted with anion exchange resin membranes
(AERs) according to the protocol proposed by Biinemann et al., 2012.

Briefly, AER membranes (6 cm * 2 cm, VWR 551642S) were shaken
for 1 hin 0.5 M NaHCOs to bring them into the bicarbonate form. For
resin-P, approximately 1 g of dried soil (0.5 g for SO) was weighed out,
and 30 mL of distilled water and a resin strip were added to the soil.
The samples were shaken horizontally on an end-over-end shaker (60
rev-min~') for 16 h. For microbial P, we followed the same procedure
as for resin-P, with the addition of 1 mL of hexanol to the soil:water sus-
pension before the shaking step. The microbial P was then calculated as
the difference between the measured P from fumigated and
unfumigated splits. The adsorbed P was eluted by shaking the AER
membranes in 30 mL of 0.1 M NaCl+HCl for 2 h, and the concentration
of P was determined colorimetrically using the malachite green method
(Ohno and Zibilske, 1991).

The soil used to determine the resin-P concentration was recovered
by centrifugation to determine the remaining total P. To do so, the soil
(50 mg dry basis) was digested by microwave at 220 °C using 1 mL of
15.6 M nitric acid, and the P concentration was determined using mala-
chite green (Ohno and Zibilske, 1991). To determine the total P content
at each distance from the granule, the resin-P and total remaining P
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Si
d

suspende
soil
Resin
+ Hexanol

{_1_\

i=0,50x1 i=1to6, Six4

4 1

Resin-P Resin-P Microbial -P

_—

Soil residue after centrifugation

Mineralization

Total P=resin-P + P total soil residue

Fig. 2. Sampling methodology of soil from the Petri dish at different distances from the granule after 28 days of incubation. S; represents the sections of soil at different distances from the

granule (i =0, 1,2,5,6).

were summed. The total P was then used to calculate the recovery of P

from fertilizer using Eq. (3) (de Castro et al., 2015).
. ([Pf]Si = Wi)

B = = PISi  Wh) )

where i represents the soil sections at different distances from the gran-
ule (i=0, 1, 2, 3, 5, 6) and [Pf]Si and Wi represent the concentration of
total P at Si (mg/kg) and the soil weight at each distance (kg), respec-
tively. [Pf]Si was calculated by subtracting the P concentration of the un-
fertilized soil from the P concentration of the fertilized soil.

2.5. Data analyses

Analysis of variance (ANOVA) and mixed modeling were performed
using R version 3.4.2. A Two-way ANOVA was performed to study the
effect of the fertilizer treatment and the distance from the fertilizer
granule on resin-P, microbial P and P recovery. Mixed models (package:

Ime4) were developed to study the effect of the fertilizer treatments, the
distance from the fertilizer granule and time (fixed effects) on the soil
pH, with the Petri dishes as the random effect. If significant differences
were found, Tukey's (for ANOVA) and Emmeans (for mixed models)
post hoc tests were used to perform pairwise multiple comparisons (p
<0.05).

3. Results and discussions
3.1. The dynamics of soil pH with uncoated and coated TSP fertilizers

The control soil had a pH of 7.8 4 0.2 that did not change signifi-
cantly throughout the 28 days of incubation or at the different positions
within the Petri dish (Fig. 3A). With the addition of TSP fertilizers, strong
acidification in the soil located directly around the granule was ob-
served, i.e., a decrease of >4 pH units compared to that in the unfertil-
ized soil (Fig. 3B-D). The decrease in soil pH was probably caused by

10 A B C D
9
8 _
F E T I
7 ES
6
T 5
Q —
s 1 day 3 days
3
=7 days =15 days
2
1
0
M o Wn ot N~ M 0 o N - PRODRXDIT N 40w m M QNS — 0 mnm o m
YOI RRRT3 Yo s3I SRALE CYTo a0 sIRRTS C¥aANTSIIRRST
O NS N Do CR AL Ud oo © N s N D O A b oo DD My
NS NN ~Sd3938 NS NN o ISR S R n < NN mISRSR Ea R SIS R

Distances (mm)

Fig. 3. Spot measurements of soil pH as a function of time (measurements at days 1, 3, 7 and 15) and distance from the added granule for A) no TSP fertilizer (control), B) uncoated TSP,

C) lignin@TSP and D) lignin-carrageenan@TSP, n = 3.
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D

Fig. 4. Planar pH optode measurements of soil pH dynamics taken over 28 days in soils treated with A) no TSP fertilizer (control), B) uncoated TSP, C) lignin@TSP and D) lignin-carra-

geenan@TSP, n = 1.

the low pH of the TSP (the pH of the saturated TSP solution <2). When
the control was excluded from the statistical analysis, the interaction
between the fertilizer treatment, distance from the granule and time
was significant (Table S2).

The soil acidification caused by the coated TSP was significantly
weaker than that caused by the uncoated TSPs, while no significant dif-
ference in acidification was observed between the two coated treat-
ments (lignin@TSP and lignin-carrageenan@TSP; Table S3). In the
uncoated TSP treatment, the pH above the granule (distance 0-7 mm)
decreased strongly (by 5.2 pH units) after 1 day, while the coated TSP
decreased the pH by 4 units. The acidification caused by the fertilizer
treatments reached a radius of 14 mm for the coated TSP and 21 mm
for the uncoated TSP (Fig. S3). In all fertilizer treatments, the pH beyond
21 mm from the granule was similar to that in the control soil. The area
affected by fertilization remained acidic, exhibiting only a slight increase
in pH over time; this increase was pronounced in the treatments with
the coated fertilizers, as shown in Fig. S3. The increase in pH in the
soils treated with coated fertilizers could be related to the basic nature
of the coating. In fact, the lignin used in the coating formulations was ex-
tracted from olive pomace residue (Fertahi et al., 2020b) using sodium
hydroxide, which is strongly alkaline.

The planar optode 2-D representation (Fig. 4) highlighted the same
phenomenon observed by the spot optodes but provided a spatial rep-
resentation of the pH changes that confirmed the previously discussed
results.

The control soil had a homogeneous spatio-temporal pH distribution
and a pH of approximately 7.7; this result is in good agreement with the
spot measurements. The soils treated with TSP granules showed circu-
lar, isotropic soil acidification to a radius of 21 mm around the granule
after 28 days. In the soils with coated TSPs, the soil acidification area
reached only 14 mm after 28 days. The soil pH just above the granule in-
creased gradually after 3 days, reaching values in the range of 6-6.5
after 28 days, compared to 4-4.5 in the uncoated TSP treatment. The
pH range obtained using the biopolymer-coated TSP is much more
favourable for soil P availability (Wang et al., 2014) than that produced
by the uncoated TSP.

Lombi et al., 2005 reported that in calcareous and non-calcareous al-
kaline soils, the pH of soils treated with TSP and monoammonium phos-
phate (MAP) granules decreased by 0.8-0.9 pH units at a distance of
13.5 mm from the fertilizer and by <0.2 pH units at a distance of 25.5
mm; no significant change was observed beyond 25.5 mm. Those au-
thors argued that the decrease in soil pH was probably caused by the
low pH of TSP and MAP (the pH values of saturated TSP and MAP solu-
tions are <2 and 3.5, respectively) and the nitrification of the NH,4

193

present in the MAP fertilizer (Nascimento et al., 2018; Saunders,
1958). The initial soil pH partly drives the change in soil pH in response
to fertilizer addition (Nascimento et al., 2018) due to proton exchange.
In the study of Lombi et al., 2005, acidification was limited due to the
high buffering capacity of the carbonates in the alkaline calcareous soil
(pH = 8.6). Moreover, differences in the methods of pH measurement
may also have contributed to the observed discrepancies. However, al-
though their absolute values differed, both studies presented similar
patterns of soil pH variation under the influence of TSP granules.

3.2. Dynamics of phosphorus pools

The resin-P at 28 days after fertilizer application was significantly
greater in the first 21 mm from the granules than that in the untreated
soil, but no significant effect of fertilization on resin-P was observed be-
yond 21 mm (Fig. 5). No significant differences were observed among
fertilizer treatments, except that a higher resin-P concentration was de-
tected at 14-21 mm in the lignin@TSP soil (466 %) than in the uncoated

1400 A
a
1200 A A
aa [ Control
1000 [ ] mTSP
B D Lignin@TSP
< 800
'éb [ Lignin-carrageenan@TSP
a
£ 600
[
« ko
400
ACCC
200 E§§ bea ab
. Fisa ADDC ADDC
0 |
14-21 42-49 56-63

Distances (mm)

Fig. 5. Resin-P (mg/kg) as a function of the treatment and distance from the granule after
28 days of incubation. Lowercase letters indicate significant differences (p < 0.05) among
treatments at the same distance. Capital letters indicate significant differences (p < 0.05)
among distances in the same treatment. Error bars represent the standard error.
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TSP soil. The coated TSP resulted in a larger P diffusion range than the
uncoated fertilizer, which could be related to its slower P-release kinet-
ics in water (Fertahi et al., 2020b).

The short range of the effect of the fertilizers is likely linked to pre-
cipitation reactions between the P from the TSP and soil ions. In calcar-
eous soils, the dominant reaction of P is precipitation with Ca and Mg
(Nascimento et al., 2018; Yang et al., 2012). In non-calcareous soils, P
adsorption onto the surface of Fe and Al hydroxides prevails
(McLaughlin et al., 2011). In the case of this study, the biopolymer-
based coatings did not improve the availability of resin-P from TSP
after 28 days, except at a specific distance around the granule (14-21
mm). Although the soil in our study was not highly calcareous, our re-
sults are in agreement with those reported by Nascimento et al., 2018.

In this study, the coated fertilizers showed slow P-release behaviour
in the first few days, and the concentrations of P around the granules
were relatively low. The lower P concentration may have led to less P
adsorption by soil colloids or fixation by minerals due to the shorter
contact time between P and soil and the relatively low P saturation in
the granule environment; these conditions may have allowed P to mi-
grate away from the granules.

The microbial P concentration ranged from 6 to 25 mg P/kg dry soil
in the fertilized soils; in the control, it was approximately 1 mg P/kg
(Fig. 6). The application of P fertilizers increased the microbial P concen-
tration at a distance of 21 mm by +500 % in the uncoated TSP treatment,
by 900 % in the lignin@TSP treatment and by 2400 % in the lignin-
carrageenan@TSP treatment compared to the control. However, this in-
crease was significant only for the lignin-carrageenan treatment due to
the high variability of the results. Farther than 42 mm from the granule,
the effects of the fertilizer treatments were not significant.

The increase in microbial biomass P may have enhanced P availabil-
ity in soil, as this pool acts as both a sink for and a source of P (Singh and
Singh, 1993). The highest concentrations of microbial P were generated
by the coated TSPs, which confirms the hypothesis that the decomposi-
tion of carbon-rich polymeric coatings by microorganisms would result
in phosphorus immobilization by the soil microorganisms as a result of
their increased activity or growth. The quantity of C provided by the
coating to the soil was 26.5 mg/kg dry soil, which constitutes a consid-
erably larger amount than the total microbial C (450 mg/kg).

P recovery did not vary significantly among treatments, but it varied
significantly with the distance from the granule (Fig. 7). Most fertilizer P
(>64 %) remained within the first 7 mm from the central granule, and
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Fig. 6. Microbial P as a function of the treatment and distance from the granule after 28
days of incubation. Lowercase letters indicate significant differences (p < 0.05) among
treatments at the same distance. Capital letters indicate significant differences (p <
0.05) among distances in the same treatment. Error bars represent the standard error.
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Fig. 7. P recovery (%) as a function of the treatment and distance from the granule after 28
days of incubation. Lowercase letters indicate significant differences (p < 0.05) between
treatments at the same distance. Capital letters indicate significant differences (p <
0.05) between distances in the same treatment. Error bars represent the standard error.

<19 % diffused to a 7-21 mm distance. Almost no fertilizer P was found
beyond 21 mm from the granule. There was no significant difference in
P recovery between the uncoated and coated TSPs; this result is in agree-
ment with de Castro et al., 2015, who published similar results regarding P
recovery with MAP and polymer-coated MAP. The authors reported that
approximately 80 % of fertilizer P was recovered within the first
0-7.5 mm from the fertilizer application site, while 10 % and 6 % were re-
covered at 7.5-13.5 mm and 13.5-25.5 mm from the application site, re-
spectively. Similarly, Fink et al., 2016 and Lombi et al., 2005 reported that
the recovery of P from P fertilizers applied at the center of a Petri dish was
concentrated within a 13 mm radius from the fertilizer application site.

4. Conclusion

This study uses innovative optode technology to study the effect of
biopolymer-coated fertilizers on soil acidity. In addition, it sheds light
on the effect of coated fertilizers on soil microbial P, which has rarely
been studied in this context in the literature. Our study showed that
biopolymer-coated TSPs dissolve differently from uncoated TSPs in
cropped calcareous soil and observed similar dissolution patterns be-
tween TSP coated with lignin alone or and lignin blended with carra-
geenan. Both uncoated and coated TSPs acidified the soil near the
fertilizer granule. However, the acidification effect was weaker and
less persistent in the coated TSP treatments than in the uncoated TSP
treatments. The available P concentration was high in the first 21 mm
from the granule after 28 days. The coated TSP had a larger P diffusion
range than the uncoated fertilizer. This result confirmed our initial hy-
pothesis and is in agreement with the results of Nascimento et al.,
2018. The application of coated P fertilizers increased the microbial P
concentration in the immediate vicinity of the granules compared to
that under uncoated TSP. Most fertilizer P (P recovery (%)) remained
within the first 7 mm of the granule, and the TSP coated with lignin
alone resulted in significantly higher P recovery at 14 mm than the
TSP treatment. The results of the uncoated P fertilizer were in agree-
ment with Fink et al,, 2016, Lombi et al., 2005 and de Castro et al., 2015.
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