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in the soil with the lowest carbonate content over 
14 days (52 days for  S0) showed increased P solubil-
ity and diffusion from MAP granules in soil amended 
with glucose, sulfuric acid and oxalic acid. There 
was, however, no improvement in P fertiliser uptake 
in wheat crops grown in these highly calcareous soils.

Keywords Calcareous soils · Mono-ammonium 
phosphate · Phosphorus availability · Soil acidifying 
amendments

Introduction

Calcareous soils are found on approximately one 
third of the Earth’s land surface, primarily in arid and 
semi-arid regions and they raise numerous agronomic 
challenges that limit crop productivity, in particular 
the plant availability of essential nutrients such as 
phosphorus (P) (Alloway 2012; Taalab et  al. 2019). 
Calcareous soils are defined as soils containing cal-
cium carbonate  (CaCO3) in one or more of their hori-
zons varying from 3 to 95% w/w (Ruellan 1973). 
High  CaCO3 concentrations reduce crop productiv-
ity through low nutrient availability and cycling, 
high soil pH (generally between pH 7.0–8.5) and low 
microbial activity (Davey et  al. 2021; Taalab et  al. 
2019; Wahba et al. 2019). Calcareous soils are com-
mon in cropping regions including the Eyre Peninsula 
and Yorke Peninsula in South Australia (Adcock et al. 
2007; Bertrand et  al. 2003). With a growing global 

Abstract Phosphorus (P) reactions in calcareous 
soils limit the concentration of P in the soil solution 
for plant uptake. Calcareous soils with high calcium 
carbonate content  (CaCO3) and high pH have low P 
fertiliser efficiency, leading to crop deficiency and 
limited crop productivity. The aim of this work was 
to test if soil acidifying amendments could reduce 
soil pH and improve the solubility of fertiliser P to 
improve crop P nutrition and biomass. Three calcare-
ous soils with varying  CaCO3 content (14–29% w/w) 
were used to test acidifying amendments both with 
and without mono-ammonium phosphate (MAP). Soil 
was amended with oxalic acid, sulfuric acid, glucose, 
ammonium sulfate and elemental sulfur  (S0). Initial 
titrations demonstrated the ability of oxalic and sulfu-
ric acids to reduce pH and improve P solubility in all 
three soils. Incubation of the acidifying amendments 
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population and an increasing gap between agricul-
tural production and food demand, implementing 
strategies such as improved nutrient use efficiency to 
reduce the limitations of calcareous soils on crop pro-
duction is becoming increasingly necessary (Bertrand 
et al. 2003; Wahba et al. 2019).

Calcium carbonate in calcareous soils can severely 
limit nutrient availability in the soil leading to 
reduced yields and the development of nutrient defi-
ciencies such as P deficiency (Rafiullah et  al. 2020; 
Shrivastava et al. 2018; Wahba et al. 2019). Phospho-
rus is a vital structural component of nucleic acids, 
phospholipids, adenosine triphosphate and adenosine 
diphosphate, and plays important roles in numerous 
cellular reactions (Emsley 1980; Shrivastava et  al. 
2018). Phosphorus deficiency symptoms include 
stunted plants, poor root growth and light green or 
purplish leaf colouration, but often there are reduced 
yields with no visual symptoms (Mengel and Kirkby 
2001; Taalab et al. 2019).

The limited supply of natural soil P reserves has 
led to a dependence on P fertilisers such as mono-
ammonium phosphate (MAP) to maintain the crop’s 
P nutritional demand (McLaughlin et al. 2011; Weeks 
and Hettiarachchi 2019). Phosphorus fertilisers, how-
ever, generally have very low efficiency, with crop 
fertiliser P uptake ranging between 3 and 33% in 
the year of application (McBeath et  al. 2012). Low 
P solubility, diffusion and crop uptake is mainly due 
to fertiliser-soil reactions removing plant available P 
from the soil solution pool and forming poorly solu-
ble P pools (Rafiullah et al. 2020; Taalab et al. 2019). 
Sorption and precipitation reactions are strongly 
favoured in calcareous soils due to high concentra-
tions of  CaCO3 increasing the soil’s P buffer capacity, 
sorption strength, and precipitation reactions forming 
stable calcium (Ca) phosphates (Bertrand et al. 2003; 
McLaughlin et al. 2011; Ryan et al. 1985; Shen et al. 
2011; Shrivastava et al. 2018). Consequently, the con-
centration of P in the soil solution is generally very 
low (< 1% of total soil P) with peak availability at 
a pH of 5.0–7.0 (Hopkins and Ellsworth 2005; Ros 
et al. 2020).

Despite years of fertiliser application, low P 
availability in southern Australian calcareous soils 
limits crop yields (Frischke et al. 2004; Wahba et al. 
2019). Enhancing P solubilisation and limiting soil-
fertiliser reactions could improve the availability 
of fertiliser and accumulated soil P (Bertrand et al. 

2003; Degryse and McLaughlin 2013; McLaughlin 
et al. 2011). Improving P fertiliser efficiency is very 
important as global P resources are non-renewable, 
meaning they will become increasingly expensive 
to mine and produce, and may have even lower effi-
ciency due to lower P content and increasing lev-
els of impurities (Schneider et al. 2019; Richardson 
2001). Many strategies have been tested and imple-
mented to increase P solubility. Adjusting soil pH 
around the fertiliser band is one strategy which has 
shown considerable potential in alkaline and cal-
careous soils (Khorsandi 1994b; Wahba et al. 2019; 
Shrivastava et al. 2018); however, an effective solu-
tion has not been found for the calcareous soils of 
southern Australia.

Past research on acidifying calcareous soils to 
improve P availability has shown the most success 
with amendments which affect soil pH and P solubil-
ity via different mechanisms. Sulfuric acid and oxalic 
acid rapidly reduce soil pH through the release of 
 H+ upon equilibrium with the soil solution, reducing 
soil pH and leading to the conversion of P into more 
soluble forms (Jones and Darrah 1994; Khorsandi 
1994a; Ryan and Stroehlein 1979). Oxalic acid can 
also solubilse P through forming insoluble Ca com-
plexes, reducing the formation of insoluble Ca phos-
phates (Mihoub et al. 2017; Wang et al. 2015). Once 
oxidised,  S0 reduces pH through the production of 
 H+ and reacts with P fertilisers, Ca phosphates and 
 CaCO3, improving the concentration of soluble P 
(Deluca et al. 1989; Mitchell et al. 1952). Ammonium 
sulfate can reduce soil pH and potentially contribute 
to increased P solubility in calcareous soils through 
complexation reactions of Ca with sulfate, and nitri-
fication of ammonium (Cabral et  al. 2020). Glucose 
improves microbial activity and turnover, improving 
the mineralisation of organic P and increasing soil 
solution P concentrations (Oehl et  al. 2001). Soil 
pH can also reduce in response to various microbial 
processes such as nitrification,  S0 oxidation, the dis-
solution of carbon dioxide  (CO2) produced through 
respiration and the release of organic acids (Brautigan 
et al. 2014; Richardson 2001).

The aim of this study was to quantify the effect 
of acidification induced by soil amendments on the 
solubility of fertiliser P in calcareous soils. Five soil 
amendments, namely sulfuric acid, oxalic acid,  S0, 
ammonium sulfate and glucose were tested in three 
calcareous soils in soil incubation and plant growth 
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response experiments. A successful amendment could 
reduce fertiliser inputs and improve crop productivity.

Materials and methods

Soil analysis

Three soils were collected from broadacre cropping 
regions in South Australia, namely Venus Bay (33° 
15′ 03′′ S 134° 45′ 46" E) and Poochera (32° 44′ 34′′ 
S 134° 54′ 07′′ E) on the Upper Eyre Peninsula and 
Port Broughton (33° 34′ 55′′ S 138° 00′ 07′′ E) on the 
Yorke Peninsula. These soils represent typical highly 
calcareous soils within southern Australia (> 15% 
 CaCO3 in the surface layer). Air-dried soil samples of 
the top 10 cm were sieved and analysed (Table 1).

Soil acidifying amendments

Sulfuric acid (97.5–98.5%) (MW = 98.08  g/mol, 
D = 1.84 g/mL) was sourced from RCI Labscan with 
a pH (@ 25  °C) of 0.9 @49  g/L. Oxalic acid dihy-
drate (99.5–102.5%) (MW = 126.07) was sourced 
from Chem-supply with at pH (@ 25  °C) of 1.0 
@100 g/L. The  S0 (99.998%) (MW = 32.07) used in 
this study had a particle size of 149  µm. Elemental 
S, ammonium sulfate (≥ 99.0%) (MW = 132.14  g/
mol) and D-( +)-glucose (≥ 99.5%) (MW = 180.16 g/
mol) used were all sourced from Sigma-Aldrich. The 
ammonium sulfate had a pH (@ 25  °C) of 5.0–6.0 
@136 g/L and there was no pH data supplied with the 
 S0 and glucose.

Experiment 1: Soil pH buffering capacity with and 
without phosphorus fertiliser

Titrations were performed to quantify the moles of 
hydrogen ions  (H+) required to reduce soil pH to a 
target level (optimal for P solubility) in the three 
calcareous soils, which was defined here as the 
soil pH buffering capacity (pHBC). Sulfuric acid 
 (H2SO4) was titrated into a 200  mL 1:5 soil water 
suspension, with three replications of each soil. 
When the pH stabilised at 8.5, 8.0, 7.5, 7.0, 6.5 and 
6.0, the volume of acid added to the suspension was 
recorded and a 6 mL sub-sample of the suspension 
was taken for analysis. A stable pH was defined 
as remaining within 0.05 of the target pH for at 
least 5  min. The sub-sample was filtered through 
a 0.45  µm filter (Sartorius), diluted and analysed 
using a Perkin-Elmer Avio 200 inductively coupled 
plasma optical emission spectroscopy (ICP-OES) 
for water-extractable P and Ca concentrations.

Titrations following the same method but com-
paring sulfuric acid  (H2SO4)(1 M) with oxalic acid 
 (C2H2O4)(0.5  M) at titrants were carried out with 
the addition of MAP (57.5 g/L) to the suspensions 
of all three calcareous soils. This represents the P 
concentration within a 1 cm radius of soil around a 
MAP fertiliser granule. This tested how soil pHBC 
was affected by the addition of P fertiliser. Due to a 
rapid pH reduction with the addition of MAP, the 
suspension was left for 2 h to equilibrate, and then 
titrated to target pH values of 6.5, 6.0 and 5.5.

Table 1  Soil characteristics (0-10 cm depth) of three calcare-
ous soils from southern Australia. Soil pH was measured in a 
1:5 soil water suspension (Rayment and Lyon 2011), soil tex-
ture was based on the USDA method (Dane and Topp 2002), 
 CaCO3 was determined through the titrimetric method (FAO 
2020) and total organic carbon was measured through wet 

oxidation (Rayment and Lyon 2011). Plant available P in the 
soil was measured through diffusive gradients in thin-films 
(DGT), following the methods outlined in Mason et al. (2010). 
Field bulk density was determined using the Cylindrical Core 
Method (United States Department of Agriculture 1999) and 
the soil field capacity was measured according to Klute (1986)

Soils Soil 
pH (1:5 
water)

MIR- Aus soil 
texture

MIR Clay (%) Calcium car-
bonate equiv. 
(%)

Organic 
carbon 
(%)

DGT-P (µg/L) Field bulk 
density (g/
cm3)

Field 
capacity %

Venus Bay 8.2 Sandy clay 33.0 29 2.4 18 1.06 25.3
Poochera 8.3 Loam 21.5 14 1.6 9 1.24 19.5
Pt Broughton 8.3 Sandy loam 14.6 19 1.5 14 1.22 27.5



250 Nutr Cycl Agroecosyst (2022) 124:247–262

1 3
Vol:. (1234567890)

Experiment 2: Phosphorus diffusion visualisation

This experiment involved adding each acidify-
ing amendment at two rates (low and high) to the 
Poochera soil for an incubation period of 14 days with 
MAP fertiliser granules, and a high amendment rate 
without MAP fertiliser granules. The experimental 
methodology has been described previously (Lombi 
et  al. 2004a). Through incubating soil treated with 
or without a MAP granule and an amendment, the 
longer-term effects of the amendments on fertiliser 
availability and changes in soil pH were examined. 
Along with sulfuric acid and oxalic acid, additional 
soil amendments were explored: ammonium sulfate, 
glucose and  S0 which could not be tested in Experi-
ment 1 as they require aerobic conditions to acidify 
the soil. As  S0 requires oxidation prior to acidify-
ing the soil, it was incubated for 56 days rather than 
14 days. Based on its particle size of 149 µm, it was 
estimated that 70% of the added  S0 would oxidise 
with an incubation time of 56 days (Fertiliser Tech-
nology Research Centre 2020b).

Soil was wetted to 80% field capacity and Petri 
dishes (diameter of 5.5 cm) were packed with soil to 
field bulk density. The soil amendments were applied 
to the centre of the dish to acidify an approximate 
1 cm radius sphere around the fertiliser granule. For 
the application of concentrated sulfuric acid, the acid 
was pipetted into a small well in the centre of the 
soil-filled Petri dish. After the release of  CO2 stopped 
(reaction of acid with  CaCO3), the well was covered 
with soil. The remaining amendments were applied 
as powders mixed through the centre section of soil 
(1.8  cm diameter ring). The high and low amend-
ment application rates were based on the acidifica-
tion rates recorded in Experiment 1. Sulfuric acid was 
applied at 51 µL/dish (low) and 167 µL/dish (high), 
oxalic acid was applied at 0.481  g/dish (low) and 
0.783 g/dish (high), ammonium sulfate was applied at 
0.599  mg/dish (low) and 0.997  mg/dish (high), glu-
cose was applied at 0.551  g/dish (low) and 1.30  g/
dish (high), and  S0 was applied at 0.043 g/dish (low) 
and 0.098 g/dish (high).

After the amendments were applied, the Petri 
dishes were covered, sealed in a tray with cling film 
and left to equilibrate overnight in an incubator at 
25 °C. To maintain the soil water content, moist paper 
towel was placed inside the sealed tray. The next day, 
a well was made in the soil at the centre of the Petri 

dishes, and a MAP granule (40 ± 2  mg) was placed 
into the well and covered with soil. The Petri dishes 
were closed, and the tray was sealed and returned to 
the incubator. After 4 h, 24 h, and 3, 7 and 14 days, 
P diffusion was measured using iron-oxide impreg-
nated filter papers and visualised using a malachite 
green solution (Degryse and McLaughlin 2013). The 
 S0 amendment P diffusion was measured after 7, 14, 
28, 42 and 56  days. After being left to dry, the fil-
ter papers were scanned and analysed using imaging 
software (GNU Image Manipulation Program—2.0) 
to determine the diameter of P diffusion. Through-
out the incubation, the surface of each Petri dish was 
observed for microbial growth.

At the end of the incubation period, soil in con-
centric rings (1.8  cm and 2.5  cm diameters) was 
removed for individual analysis. The soils analysed 
were < 0.9 cm, 0.9–1.25 cm and > 1.25 cm away from 
the centre of the Petri dish (placement of MAP gran-
ule). The inner ring represented an approximate 1 cm 
radius of soil which is the soil most influenced by 
MAP in highly calcareous soil (Lombi et al. 2004b). 
Prior to soil analysis, the soil sub-samples were 
ground using a mortar and pestle and weighed. Soil 
was mixed in a 1:5 soil:water suspension, shaken for 
one hour, allowed to settle for 20  min, and pH was 
measured. The sample was filtered using a 0.45  µm 
filter and analysed through ICP-OES for water 
extractable P and Ca concentrations.

Experiment 3: Wheat growth response to acidifying 
amendments

A plant growth response experiment was estab-
lished to measure the growth of wheat plants 
(Triticum aestivum cv. Scepter) in response to the 
fertiliser  ×  amendment treatments in two of the 
experimental soils grown in pots in a growth cham-
ber for 4  weeks. Soils from Poochera and Venus 
Bay were used in this experiment as they had the 
lowest and highest carbonate contents of the three 
soils used. Acidifying amendments of oxalic acid, 
sulfuric acid, ammonium sulfate and glucose were 
compared against a MAP treatment and a nil ferti-
liser or amendment treatment control. One amend-
ment application rate was chosen based on the best 
results in Experiment 2. Amendment application 
rates in Venus Bay soil were 7.99 g/pot oxalic acid, 
0.94 mL/pot sulfuric acid, 10.08 g/pot glucose and 
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0.0629  g/pot ammonium sulfate. In Poochera soil, 
the application rates were 5.12  g/pot oxalic acid, 
0.41  mL/pot sulfuric acid, 3.59  g/pot glucose and 
0.0728 g/pot ammonium sulfate (~ 26 kg N/ha). As 
 S0 requires extended time to oxidise in the soil, it 
was not included in this experiment.

Topsoil (0-10  cm, 500  g) was fertilised with a 
basal nutrient solution, liquid urea and wetted to 
80% field capacity. The basal solution per pot con-
sisted of 1.25  mg manganese sulfate  (MnSO4.H2O), 
3.15 mg zinc sulfate  (ZnSO4.7H2O), 1.55 mg copper 
sulfate  (CuSO4.5H2O), 0.03 mg boric acid  (H3BO3), 
0.025  mg molybdenum oxide  (MoO3) and 25  mg 
potassium sulfate  (K2SO4). A urea solution was 
applied at 32 mg/kg soil (equivalent to ~ 50 kg N/ha) 
to all soil treatments apart from ammonium sulfate 
to balance N applied and ensure N was not limiting. 
The amendments were mixed through a soil sub-
sample 4 cm below the soil surface in a 1 cm radius 
fertiliser band across the pot diameter. Oxalic acid 
and glucose were mixed with this soil sub-sample 
and sulfuric acid was applied by dripping it along a 
band that ran the length of the pot. Ammonium sul-
fate was mixed into the top 1 cm layer of soil repre-
senting the most common application on-farm which 
is topdressing and incorporation by rainfall. After 
packing the remaining soil into the pots, 4 pre-germi-
nated Scepter wheat seeds were sown 1 cm deep into 
each pot (thinned to 2 plants per pot after 1  week), 
along with 3 MAP granules (36 ± 1 mg each) at a rate 
equivalent to 40 kg P/ha in all pots apart from the nil 
treatment control. To reduce soil evaporation, 15  g 
of low-density polyethylene beads (Qenos, Altona, 
VIC) were applied to the soil surface of each pot. Pots 
were grown for 4 weeks in a controlled environment 
growth chamber with average day/night temperatures 
of 23 °C/18 °C at 80% relative humidity and with a 
daytime light period of 18 h. Pots were watered daily 
with deionised water to maintain a water content 
of 80% field capacity and randomly arranged on a 
weekly basis.

At the end of the 4 weeks, wheat plants at Zadoks 
growth stage 22 (Zadoks et  al. 1974) were removed 
from the pots and roots were removed. Plant shoots 
were dried at 60  °C for 72  h and weighed. After 
being ground, sub-samples (0.25 g) of the dry shoot 
biomass samples were acid digested following the 
closed-tube digest method outlined by Wheal et  al. 

(2011) and analysed for shoot P concentrations using 
ICP-OES analysis. From this plant P uptake was cal-
culated as:

Statistical analysis

Statistical analysis utilised analysis of variance 
(ANOVA) and regression in the Genstat® V.19 sta-
tistical package. For ANOVA both the normality of 
distribution and constant error variance assumptions 
were tested for each analysis and differences between 
treatments were determined by least significant differ-
ence (LSD) at the 5% significance level using Fisher’s 
unprotected LSD.

Regression analysis of amendment vs moles of 
 H+ added vs soil was conducted in Experiment 1 to 
test whether the buffer curves for sulfuric and oxalic 
acid differed between amendments and soils (separate 
slopes analysis) using the Genstat® V.19 statistical 
package. GraphPad Prism® was used for curve fit-
ting and plotting the buffer curves with their regres-
sion lines. To analyse the effect of treatment on soil 
solution P and Ca, the ANOVA design was amend-
ment × fertiliser (plus or minus) × soil × pH, with a 
block structure of replication.

For the soil measurements in Petri dishes (Experi-
ment 2), the design was the amendment treatment 
(combination of acidifying amendment and applica-
tion rate) × position, with a block structure of posi-
tion/replication to represent the nested design of the 
Petri dish. This was analysed separately for without 
and with MAP treatments. In Experiment 2, the filter 
papers were scanned, and the area of the high-P zone 
was calculated using imaging software (GNU Image 
Manipulation Program, v. 2.6.11, Free Software 
Foundation, Boston, MA) which converts the scanned 
images to black-white binary images using a thresh-
old colour value and quantifies the area of the high 
P-zone (Degryse and McLaughlin 2013).

For the wheat growth experiment (Experiment 
3), the design was acidifying amendment with a 
block structure of replicates, analysed by ANOVA 
in Genstat. This was analysed independently in 

P uptake (mg P∕pot)

= biomass (g) × P concentration (mg P∕g biomass).
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each soil due to the high levels of variation in data 
collected from the Poochera soil.

Results

Experiment 1: Soil pH buffering capacity with and 
without phosphorus fertiliser

Sulfuric acid addition initially produced a rapid pH 
reduction and then a slower rate of pH decline from 

pH 6.5 following a power trend (P < 0.001) (Fig. 1). 
Through regression analysis, a separate slopes 
analysis showed no change (P = 0.993) between the 
soils indicating that the pH buffering capacity of the 
three soils should be interpreted as a single curve 
(Fig. 1).

Fertiliser MAP was added to the soil suspension to 
measure the effect of P fertiliser on the soil pHBC in 
response to sulfuric (Fig. 2a) and oxalic acids (Fig. 2b). 
With P, a regression analysis found that the soil pHBC 
was significantly different between the three soils 

Fig. 1  The change in soil 
pH (1:5 soil:water suspen-
sion) in three different 
calcareous soils (Venus 
Bay, Poochera and Port 
Broughton) which were 
titrated with sulfuric acid 
to measure the soil pH 
buffering capacity. The pH 
buffer curve of the three 
soils is pH = 9.1235x−0.061, 
where x represents the µmol 
 H+ from sulfuric acid per 
g of soil added  (r2 = 98.8%, 
P < 0.001)

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

0 100 200 300 400 500 600 700 800 900 1000

So
il 

pH

µmol H+/g soil

Fig. 2  The change in soil pH (1:5 soil:water suspen-
sion) in three calcareous soils: Venus Bay(VB), Poochera 
(Po) and Port Broughton (PB), titrated with sulfuric acid 
(a) and oxalic acid (b) to calculate the soil pH buffer-
ing capacity with P fertiliser (MAP) addition. The soil 
pHBC (slope) for each soil were calculated using a lin-
ear regression analysis  (Psulfuric+P < 0.001,  Poxalic+P < 0.001, 

 r2
sulfuric+P = 95.5%,  r2

oxalic+P = 96.4%). The linear equations 
where x = µmol H.+/g soil for sulfuric acid treatments are: 
pH(VB) = −0.000751x + 6.871, pH(Po) = −0.00110x + 6.419,
pH(PB) − 0.00167x + 6.199 , and for oxalic acid are: 
pH(VB) = −0.000223x + 6.914, pH(Po) = −0.000272x + 6.469,
pH(PB) = −0.000337x + 6.162
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(P < 0.001,  r2 values of 95.5–96.4%) and when the data 
was not grouped into soils the correlation was very low 
 (r2

sulfuric+P = 32.4%,  r2
oxalic+P = 39.8%) (Fig. 2).

To reduce soil pH in the presence of P, much 
greater amounts of  H+ were needed and the  H+ 
requirement increased linearly (P < 0.001), with sig-
nificant effects due to the amendment and soil type on 
the pHBC (P < 0.05) (Fig. 2). At a given pH, the  H+ 
requirement of oxalic acid was greater than sulfuric 
with MAP application (P < 0.001). The initial addi-
tion of MAP caused a dramatic reduction in soil pH to 
6.94, 6.36 and 6.02 in Venus Bay, Poochera and Port 
Broughton soils, respectively. Due to the acidifying 
effect of MAP, the amount of sulfuric acid required 
to reduce soil pH to 6.0 was significantly less in the 
Poochera and Port Broughton soils (Fig. 2). The acid-
ification from MAP was calculated as 550 µmol  H+/g 
soil, suggesting it has a similar acidifying strength to 

sulfuric acid (Fig.  1). Venus Bay, however, required 
significantly more  H+ to reduce pH in the presence 
of P compared to the other two soils. In both sulfuric 
and oxalic acid titrations, Venus Bay had the highest 
pHBC followed by Poochera and then Port Broughton 
(P < 0.001, Fig. 2).

The concentrations of water-extractable P and 
Ca concentrations were measured at each target soil 
pH throughout each titration (Table  2). In Venus 
Bay soil in the absence of MAP, sulfuric acid ini-
tially decreased the concentration of P from a pH of 
8.5 to 7.5 (P < 0.001), but there was a subsequent 
increase in P concentration between pH 7.0 and pH 
6.0 (P < 0.001). While the other soils followed the 
same trend of P concentration changes, it was only 
the comparison between initial pH and pH 6.0 in 
Poochera and 6.5 in Port Broughton that was differ-
ent. As expected, titrations carried out in the presence 

Table 2  The concentrations of water-extractable P and Ca 
(mg/L) in a soil suspension of three calcareous soils, Venus 
Bay (VB), Poochera (Po) and Port Broughton (PB) either fer-

tilised or not fertilised with MAP, brought to target pH values 
through titration with sulfuric acid or oxalic acid

For Ca data in the absence of MAP, the interaction between soil type and pH was not significant, and the LSD is for the main effect 
averaged across soils. Within any measurement, a result which is significantly greater than the initial is italics, and a result signifi-
cantly less than the initial is bold (at P = 0.05)
*Missing values in titrations with MAP are due to pH below target levels in response to the application of MAP

Concentration of water-extractable P 
(mg/L)

Concentration of water-extractable Ca (mg/L)

pH VB Po PB VB Po PB Average

Without MAP
Sulfuric acid Initial 0.70 0.38 0.13 35 28 49 37

8.5 0.70 0.29 0.18 54 55 59 56
8.0 0.61 0.31 0.23 99 87 90 92
7.5 0.49 0.29 0.21 179 164 149 164
7.0 0.47 0.26 0.25 468 522 334 441
6.5 0.67 0.48 0.55 1675 1635 1524 1608
6.0 1.77 1.22 1.85 3507 3596 3573 3558

LSD at P = 0.05 0.18 287
With MAP

Sulfuric acid Initial 6631 10,006 12,053 86 101 116
6.5 6120 * * 81 * *
6.0 4616 9244 10,756 201 132 118
5.5 4374 8883 10,884 558 381 332

Oxalic acid Initial 6096 8770 9429 52 85 109
6.5 5006 8280 * 26 * *
6.0 4030 6304 9539 21 15 37
5.5 3885 5829 6765 8 4 41

LSD at P = 0.05 666 71
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of MAP had significantly higher concentrations 
of solution P compared to without MAP, although 
as pH reduced the concentration of P also reduced 
(P < 0.001) (Table  2). This was evident in all soils, 
however, Venus Bay soil had significantly lower con-
centrations of P than Poochera and Port Broughton 
soils. Titrations with sulfuric acid additions led to 
higher concentrations of P in the soil solution com-
pared to oxalic acid in all soils (P < 0.001).

Additions of sulfuric acid to the unfertilised 
soil suspension increased the concentration of Ca 
(P < 0.001) with significant differences from the ini-
tial pH at soil pH values less than 7.5, however there 
was no significant difference between soils (P > 0.05) 
(Table  2). Addition of MAP reduced the concentra-
tion of Ca in the soil (P < 0.001) with significant 
difference between soils titrated with sulfuric acid. 
Venus Bay soil generally had the highest Ca con-
centrations (Table  2). Titrations of soil solutions 
containing MAP showed effects of acidifying agents 
(P < 0.001). Lower concentrations of Ca were found 
in soil titrated with oxalic acid (Table  2) with Port 
Broughton soil the least responsive and generally 
having the highest Ca concentrations in this situation.

Experiment 2: Phosphorus diffusion visualisation

The diameter of the high-P zone of MAP diffused 
from the MAP granules was affected by the interac-
tion of the incubation time and treatment applied 

(P < 0.001) (Supplementary Information, Fig.  1). 
Among all amendments throughout the incuba-
tion period, oxalic acid and glucose had the greatest 
effects on P diffusion with oxalic acid causing signifi-
cantly more P diffusion after 24 h and glucose after 
14 days compared with MAP alone (Fig. 3). Higher 
diffusion was mostly evident in the high amendment 
application rate in the presence of MAP, although in 
some cases the low amendment application rate led to 
greater diffusion of MAP (data not shown). The appli-
cation rates  ×  timing that showed the biggest effect 
on P diffusion for each amendment are compared in 
Fig. 3. There was rapid diffusion of P away from the 
granule in the first 24 h, however, for the remainder 
of the incubation there was no significant change 
(Fig.  3). Oxalic acid and sulfuric acid significantly 
enhanced the diffusion of P from the MAP granule; 
this was only significant until day 7 (Fig. 3). Ammo-
nium sulfate and  S0 had no effect on P diffusion com-
pared with MAP alone. Glucose showed no effect on 
P diffusion compared with MAP alone until day 14 
when the diameter of the high-P zone was greater 
than all other treatments. Amendments applied at the 
high rate without MAP had limited effects on P dis-
solution and diffusion, with the only visual evidence 
of a high-P zone found after 4  h in the oxalic acid 
amendment and 14  days in the glucose amendment 
(data not shown).

Analysis of water-extractable P both with and 
without the application of MAP indicated that the 

Fig. 3  Diameter of the 
high-P zone around the 
MAP granule over time 
for selected amendment 
application rates with MAP 
using the P visualisation 
method of Degryse and 
McLaughlin (2013) in 
Poochera soil. Across incu-
bation times and treatments, 
the least significant differ-
ence between treatments is 
0.20 cm (at P = 0.05)
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application of acidifying amendments had a signifi-
cant effect on the amount of P in the Petri dishes over 
time and space (i.e. section of Petri dish) (P < 0.05) 
(Fig.  4). In the absence of P, glucose was the only 
amendment which improved the amount of water-
extractable P compared to the nil treatment control 
(Fig.  4a). This was consistent with the findings in 
the P diffusion analysis at the end of the incubation 
(Fig. 3). Among fertilised treatments, the amount of 
P was higher in the inner section with little indica-
tion of P diffusion into the middle and outer rings. An 

exception to this was glucose with MAP (both rates) 
which had significantly higher amounts of P in the 
soil section most distant from the point of applica-
tion (Fig. 4b). The total amount of water-extractable 
P in the dish was also significantly higher in glucose 
treatments compared with MAP alone. The only other 
amendment which improved P solubility compared to 
MAP alone was sulfuric acid (both rates) (Fig. 4b).

The addition of amendments produced signifi-
cant differences in the water-extractable Ca concen-
tration (P < 0.05) (Table 3). In the absence of P, soil 

Fig. 4  The concentra-
tion of water-extractable 
phosphorus (µg P/dish) in 
Poochera soil after 14 days 
incubation as a function of 
distance from the applica-
tion point of treatments—
inner (< 0.9 cm), middle 
(0.9–1.25 cm) and outer 
(> 1.25) sections of the 
Petri dish. Petri dishes were 
amended with acidifying 
treatments, a without and 
b with the application of 
MAP. Significant differ-
ences between treatments 
are represented by lettering 
(LSD at P = 0.05)
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amended with sulfuric acid or glucose had a higher 
water-extractable Ca concentration than the nil treat-
ment control. This was highest in the inner ring for 

sulfuric acid applications and the outside ring for 
glucose applications. In MAP-fertilised soil, sulfu-
ric acid was the only amendment which significantly 

Table 3  The concentration 
of water-extractable Ca 
(mg/kg) and soil pH 
of Poochera soil after 
14 days incubation as a 
function of distance from 
the application point of 
treatments (inner, middle 
and outer rings of the Petri 
dish)

Within a measurement, a 
result which is significantly 
greater than the nil 
treatment control or MAP 
is italics, and a result 
significantly less than the 
nil treatment control or 
MAP is bold (at P = 0.05)

Soil section analysed
Treatment Amendment appli-

cation rate
Inner (< 0.9 cm) Middle 

(0.9–1.25 cm)
Outer 
(> 1.25 cm)

Concentration of water-extractable Ca (mg/kg)
Without MAP

Control 170 165 170
Oxalic acid 91 213 188
Sulfuric acid 3607 1888 322
Glucose 938 1891 1728
Ammonium sulfate 44 36 173
Elemental sulfur 229 211 179
LSD at P = 0.05 429

With MAP
MAP Nil 306 301 266
Oxalic acid Low 501 372 305

High 313 401 279
Sulfuric acid Low 3229 1031 414

High 3330 1614 614
Glucose Low 74 95 101

High 465 352 206
Ammonium sulfate Low 416 324 299

High 360 326 270
Elemental sulfur Low 291 295 320

High 278 267 234
LSD at P = 0.05 247
Soil pH

Without MAP
Control 8.80 8.84 8.83
Oxalic acid 8.76 8.84 8.62
Sulfuric acid 7.93 8.10 8.54
Glucose 8.30 8.68 8.77
Ammonium sulfate 8.67 8.88 8.87
Elemental sulfur 8.76 8.80 8.85
LSD at P = 0.05 0.16

With MAP
MAP Nil 8.25 8.63 8.76
Oxalic acid Low 8.57 8.54 8.45

High 8.56 8.58 8.39
Sulfuric acid Low 7.45 8.09 8.42

High 7.43 8.13 8.30
Glucose Low 9.30 9.27 8.72

High 8.52 8.93 8.56
Ammonium sulfate Low 7.98 8.61 8.66

High 8.11 8.58 8.78
Elemental sulfur Low 8.29 8.71 8.78

High 8.27 8.76 8.78
LSD at P = 0.05 0.13
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affected Ca with higher concentrations throughout the 
whole dish.

Soil pH had the largest changes in the inner ring 
with pH change in the rest of the dish often not sig-
nificantly different to that induced by MAP alone 
(Table 3). Sulfuric acid had the greatest effect on soil 
pH reduction both with and without MAP. In soil with 
MAP, pH change in response to sulfuric acid was sig-
nificant throughout the whole dish at both applica-
tion rates. Ammonium sulfate also reduced soil pH in 
the presence of MAP, although this was only found 
in soil close to the area of application. Without MAP, 
glucose significantly reduced pH at the point of appli-
cation compared to the nil treatment control, however, 
the application of glucose at the low rate with MAP 
caused an increase in soil pH above 9 in soil close 
to the point of application. Both with and without 
MAP, oxalic acid significantly reduced soil pH from 
the control in the soil most distant from the point of 
application. Additionally, when MAP was applied 
to the dish, oxalic acid amended soil led to high pH 
compared to the MAP control.

Experiment 3: Wheat growth response to acidifying 
amendments

Wheat plants growing in both soils were highly 
responsive to MAP application, demonstrating higher 
plant biomass and P uptake (P < 0.001, Table  4). 
However, the concentration of P was higher in 

the control plants than those fertilized with MAP 
(P < 0.001), indicating a growth dilution effect.

Applying acidifying amendments to Poochera soil 
in pots had no significant effect over and above that 
of MAP alone on plant biomass, concentration of P, 
or plant uptake of P (Table 4). In the Venus Bay soil, 
the addition of glucose with MAP depressed yields 
and reduced P uptake compared to MAP alone, with 
no significant effects of the remaining amendment 
(Table 4).

Discussion

Application of soil acidifying amendments did not 
improve the plant utilisation of P fertilisers in south-
ern Australian calcareous soils. As expected, all treat-
ments with MAP improved plant growth compared to 
the control (Table  4). This indicated that the wheat 
plants were responsive to P fertilisation in the soils 
studied and would benefit from further gains in avail-
ability. Symptoms of P deficiency were observed in 
the control plants through reduced plant height and 
tillering (data not shown). Despite better plant growth 
and higher P uptake in MAP-fertilised pots, plant P 
concentrations were still low. The critical deficiency 
level of P in wheat shoots at this stage of growth is 
0.28% (Reuter and Robinson 1997), with most plants 
being at, or lower, than this critical concentration. 
This indicates that P availability likely continued 
to limit plant growth, even in MAP fertilised soils. 

Table 4  Dry shoot biomass, concentration and uptake of P of 
Scepter wheat plants grown in Venus Bay (VB) and Poochera 
(Po) soils with the application of MAP granules to the soil, 
compared with a control treatment without MAP. Soil amend-

ments of oxalic acid, sulfuric acid, glucose and ammonium sul-
fate were applied to MAP-treated soil. Within a soil, significant 
differences between treatments are represented by lettering 
(LSD at P = 0.05)

Treatments Shoot dry biomass (g/pot) Concentration of P (mg/g) P uptake (mg P/pot)

VB Po VB Po VB Po

Control 0.574b 0.308b 3.86a 2.90 2.21b 0.89b
MAP 0.986a 0.911a 2.82a 2.56 2.76ab 2.30a
LSD at P = 0.05 0.105 0.219 0.23 NSD 0.35 0.38
MAP 0.986a 0.911 2.82a 2.56 2.76ab 2.30
MAP + oxalic 1.120a 0.948 2.78ab 2.62 3.11a 2.54
MAP + sulfuric 0.957ab 0.798 2.56ab 2.56 2.44b 2.08
MAP + glucose 0.775b 0.764 2.35b 2.38 1.82c 1.82
MAP + ammonium sulfate 1.027a 0.904 2.86a 2.68 2.90a 2.37
LSD at P = 0.05 0.150 NSD 0.31 NSD 0.33 NSD
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Additionally, the amendment application rates used 
were possibly not sufficient to significantly increase 
the availability of soil P.

This study did not identify a soil amendment 
which improved plant biomass or P uptake compared 
to soils fertilised with MAP alone. Some amendments 
did have large effects on soil pH, the solubility of P 
and Ca and P diffusion that are discussed in detail 
below.

Oxalic acid

Through soil experiments, oxalic acid demonstrated 
some potential as an acidifying amendment, how-
ever, there was no enhancement of plant growth or P 
uptake. To reach a soil pH in soil suspension of 6.5 
where P solubility should be enhanced (Hopkins and 
Ellsworth 2005), greater amounts of oxalic acid were 
required compared with sulfuric acid. Oxalic acid 
has pKa values of 1.25 and 3.81 meaning  H+ ions are 
readily lost as the pKa is less than the soil pH. Sulfu-
ric acid has lower pKa values of < 1 and 1.99 meaning 
it is a stronger acid and achieves a greater effect on pH 
(Averill 2012; Hall 2002). Despite reducing soil pH 
to target levels in stirred soil suspension experiments 
(Fig. 2), when oxalic acid was applied to P-fertilised 
soil and incubated, the soil pH compared with MAP 
alone significantly increased at the point of applica-
tion and significantly decreased in soil most distant 
from the application point (Table  3). Fertiliser may 
have initially acidified the soil close to the point of 
application and then returned to original pH; this has 
been found in a previous incubation of 12 days dura-
tion (Macias-Benitez et  al. 2020). A possible expla-
nation for the increased soil pH is the exhaustion of 
oxalic acid as a microbial food source (Jones and Dar-
rah 1994; Jones et al. 2003). This may cause micro-
bial acidifying reactions to reduce and alternative soil 
reactions that increase soil pH to occur. These include 
reactions between carbonate and water forming bicar-
bonate  (CO3

2− +  H2O →  HCO3– +  OH−), and volatile 
fatty acids produced by soil microorganisms and soil 
carbonates (R-COO− +  H+  → R–H +  CO2) (Brautigan 
et  al. 2014). Microbial growth (most likely fungal) 
was observed in Petri dishes treated with oxalic acid 
(not shown), suggesting a potential limitation to the 
efficacy of oxalic acid as a soil amendment.

Soil reactions with oxalic acid affect the behav-
iour of P and its availability in soil solution (Mihoub 

et  al. 2017). Through conversion to oxalate, oxalic 
acid releases  H+ which reacts with  CaCO3 in the soil. 
Although this beneficially reduces the soil pH, the 
release of  Ca2+ can precipitate with fertiliser P form-
ing Ca phosphates and reducing the concentration of 
soluble P and Ca even though pH may be reduced. 
Oxalic acid can also form strong insoluble Ca oxalate 
complexes in the soil, which are produced in prefer-
ence to Ca phosphates due to their low solubility 
(Jones et al. 2003; Mihoub et al. 2017). Evidence of 
this pathway was not observed as the availability of 
water-soluble P and Ca did not significantly change 
over the 14-day incubation compared to MAP appli-
cation alone (Fig.  4, Table  3). Additionally, in the 
soil suspension both P and Ca concentrations reduced 
suggesting the formation of Ca phosphates (Table 2). 
Using the solution data from Table  2, and assum-
ing charge balance in the solutions was maintained 
mainly by concentrations of ammonium  (NH4

+), 
chemical equilibria were modelled using Visual 
Minteq V3.1 (model output not shown) (Gustafsson 
2021). Solutions in the presence of MAP were all 
supersaturated with several Ca-phosphate species, 
even the most likely Ca-phosphate solid phase, dical-
cium phosphate dihydrate  (CaHPO4.2H2O). High 
concentrations of oxalate (6 mM) were predicted not 
to interfere with this precipitation of Ca-phosphate—
indeed, most of the added oxalate at this concentra-
tion was predicted to precipitate as the Ca-oxalate 
solid phase. Phosphorus diffusion, however, was 
enhanced through the application of oxalic acid in the 
first 7 days of incubation (compared with MAP alone) 
(Fig. 3). Initially, the release of  H+ from oxalic acid 
would have increased the solubility of P by reduc-
ing precipitation and absorption reactions in the soil 
(Mihoub et al. 2017). However, during the incubation, 
the reduction in soil solution P may have occurred 
through precipitation reactions (Fig. 4b). One expla-
nation for the short-term effect of oxalic acid could be 
that it was degraded by soil microorganisms, limiting 
its effect on soil availability and use as a soil acidifier 
(Jones and Darrah 1994; Jones et al. 2003).This could 
also provide some explanation to why the P solubility 
with reduced pH was not well translated to improved 
P uptake in plant growth experiments and could sug-
gest that a high rate may be required for longer term 
effects.
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Sulfuric acid

Sulfuric acid showed potential as an acidifying 
amendment with significant reductions in soil pH 
both in the titration and incubation experiments 
(Figs. 1 and 2, Table 3), but like oxalic acid had no 
effect on plant growth (Table 4). Longer lasting acidi-
fication and reduced  H+ requirements through the 
application of sulfuric acid compared to oxalic acid 
in soil suspension could be attributed to the very low 
pKa values and rapid deprotonation of sulfuric acid 
in the soil solution (Averill 2012; Hall 2002). Sulfu-
ric acid has the greatest effect on soil pH compared 
to other amendments in the absence and presence of 
MAP in the 14-day soil incubation, reaching a mini-
mum pH of 7.43 in soil close to the area of applica-
tion and increased concentrations of water-soluble P 
in the acidified soil (Table  3). Sulfuric acid showed 
improved P diffusion for the first 7 days of the incuba-
tion (Fig. 3) and had significantly higher amounts of 
P close to the point of application than MAP alone at 
the end of the soil incubation (Fig. 4b). High P solu-
bility through the application of sulfuric acid has been 
found in previous research (Khorsandi 1994a) and 
was linked to the reduced soil pH where dissolution 
and desorption reactions between P and the soil occur 
(Hopkins and Ellsworth 2005; Pierzynski et al. 2005). 
The high reactivity of sulfuric acid with the incubated 
soil was further supported by elevated concentrations 
of Ca found at all application rates (Table 3) (Mace 
et al. 2010). This suggested that sulfuric acid is effec-
tive in solubilising Ca phosphates and hence mak-
ing soil residual P more available, as found by Ryan 
and Stroehlein (1979). However, adding sulfuric acid 
with MAP is a different scenario where solution P 
concentrations are very high—mobilising Ca from 
carbonates in this scenario creates the possibility for 
more precipitation of P as Ca-phosphates, even at pH 
values as low as pH 5.5. Nevertheless, sulfuric acid 
increased concentrations of water-extractable P in the 
soil around the MAP granules (Fig. 4b).

Glucose

Among amendments, glucose had the largest effect on 
the parameters observed in all studies, but like the other 
amendments did not have a positive effect on plant P 
uptake. The acidifying effect of glucose is driven by 
elevated microbial activity which utilises glucose as a 

carbon feedstock (Bünemann et  al. 2008). Microorgan-
isms mediate several processes such as nitrification, 
organic acid production and  CO2 production through 
respiration which hold potential to reduce pH (Msim-
bira and Smith 2020; Richardson 2001). The expected 
reduction in soil pH was not found when MAP with 
glucose was applied to the soil, and in fact the pH in 
soil incubated with glucose and MAP significantly 
increased (Table 3). An increase in soil pH could have 
been explained by the same change to soil reactions 
observed in oxalic acid where the microbial food source 
becomes exhausted (Brautigan et  al. 2014). Alkalin-
ity caused by glucose amendment could have been one 
reason for the reduced plant growth observed in glucose-
treated soils as high concentrations of  HCO3

− are known 
to limit root respiration (Table 4) (Msimbira and Smith 
2020). Reduced plant growth and the negative effects of 
band-applied glucose were associated with reduced root 
growth in the amendment application area (Supplemen-
tary Information, Fig. 2), reduced plant biomass, reduced 
tillering compared to all other treatments (data not 
shown; one rather than 2 tillers) and evidence of chlo-
rosis. A second possibility is that glucose also prompted 
the growth of pathogens such as Rhizoctonia (Davey 
2013). Rhizoctonia fungus causes disease in cereal roots, 
reducing growth, crop yields and nutrient uptake (Gupta 
2016). There was some evidence of spear-tipped roots 
which is a common symptom of Rhizoctonia root rot 
(Supplementary Information, Fig. 2) (Gupta 2016).

Reduced root growth restricts the ability for roots 
to interact with the MAP granule and with little P 
diffusion throughout the rest of the pot, P uptake 
was low compared to MAP in the Venus Bay soil. 
This could be explained by immobilisation of P 
by soil microbial populations which became more 
active with the addition of glucose as a food source 
(Kouno et  al. 2002). Soil amended with glucose 
showed the greatest diffusion of P (Fig.  3) and 
amount of water-extractable P (Fig.  4) in the soil 
both with and without MAP, following a pH gra-
dient of a high pH in the centre section to neutral 
pH in the outer section. Diffusion of P to the outer 
section of the dish was only significantly higher at 
the end of the incubation. High growth of micro-
bial biomass (likely fungal) was visually observed 
on the soil surface of all soils amended with glu-
cose which coincided with these observed changes 
in P towards the end of the incubation. Phosphorus 
diffusion could possibly have been improved through 
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desorption of P in the centre of the dish by bicarbonate 
and carbonate produced through microbial respiration 
from  CO2.

Other acidifying agents

Soil amended with ammonium sulfate and  S0 
showed minimal or no effect on the concentration, 
diffusion or plant uptake of P, soil pH, Ca concen-
trations or plant biomass compared to the fertilisa-
tion of soils with MAP alone. Based on the appli-
cation rates and methods used, these amendments 
showed little potential for use as soil amendments 
to enhance P-use efficiency. Ammonium sulfate was 
limited in its application rate to an agronomically 
realistic level, meaning the  H+ supplied to the soil 
was significantly less than the other amendments. 
Elemental sulfur also had limited effects, possi-
bly due either to a slow oxidation rate (Zhao et al. 
2017) or use of an application rate that was insuf-
ficient to overcome the pHBC of the soils.

MAP

The soil acidification effect of MAP was large with 
soil pH reducing below 7.0 in the soil suspension 
titration (Fig.  2). Phosphate anion has pKa values 
of 2.16, 7.20 and 12.3 (Averill 2012), although is 
mostly present as dihydrogen phosphate  (H2PO4

−) 
and monohydrogen phosphate  (HPO4

2−) in the pH 
range that commonly occurs in soils (Shrivastava 
et al. 2018). Mono-ammonium phosphate is applied 
in the form of  H2PO4

−, therefore at an initial soil 
pH of > 7.2,  H2PO4

− converts to  HPO4
2− releasing 

a proton and rapidly acidifies the soil (Fertiliser 
Technology Research Centre 2020a). With time the 
ammonium ion is also nitrified, and this can further 
acidify the soil, but the effect may not be as local-
ised as ammonium diffuses away from the granule 
more rapidly through soil than P. Through titration, 
it appeared that MAP had a similar acidifying effect 
to sulfuric acid, however when incubated in the soil, 
the longer-term pH effect of MAP alone was not as 
significant as sulfuric acid.

Conclusion

The benefits for P solubility through the applica-
tion of oxalic acid, sulfuric acid and glucose, did not 
translate to plant growth or P nutrition benefits. None 
of the amendments studied showed improvements 
compared with MAP alone.
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