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Abstract 

Phosphorus (P) is an essential element for all life, serving as a structural component of 

cells, being integral in energy transfer, and a component of genes and enzymes (Campbell 

and Reece, 2002; Schachtman et al., 1998). More than other nutrients, P is held tightly by 

the soil, so only low concentrations relative to plant requirements are in the soil solution 

(Holford, 1997). In alkaline soils, it is generally accepted that P is retained in the soil as 

calcium phosphate (CaP) minerals, limiting plant growth and agricultural production 

(Conyers and Moody, 2009; Holford, 1997). This research investigates factors that 

influence the supply of P to the soil solution of alkaline Vertosols, focusing on pH and the 

concentration of P itself and calcium (Ca) in the solution. The soils were taken from the 

Northern Grains Region (NGR), a productive agricultural region of 4 M ha in northern 

New South Wales and southern Queensland, Australia. The soils contain a diminishing 

pool of phosphorus (P) that is rapidly available to plants, and an acid-soluble P fraction 

that has been considered to slowly replenish the available pool. The process of 

replenishment is not well understood, and this may lead to inefficient use of fertiliser P. It 

is possible that modification of soil in the rhizosphere, particularly acidification, enables 

plants to directly access the acid-soluble P fraction. 

I hypothesised that the different pools of P could be extracted by modifying the soil 

environment and mimicking plant uptake of P. To determine the potential for acidification 

of alkaline soils to release P, I used a novel combination of repeated extraction of P from 

suspension with incremental acidification. More typical soil tests strongly modify the soil 

compared to field conditions (e.g. gross acidification or bulk displacement of P), while 

previous reports of repeated extractions have not been combined with incremental 

acidification. Following the early removal of labile P sources from six alkaline Vertosols, 

P recovery remained low with incremental acidification until soil pH passed key 
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thresholds. These thresholds varied little between soils, though soil pH buffer capacity 

affected the amount of acid required to approach the thresholds. With the solution P 

concentration kept below 1 µM using an anion exchange membrane (AEM), the threshold 

was pH 6.0–6.3, i.e. within the range of potential rhizosphere pH. When released P was 

instead allowed to accumulate in solution, a similar release of P occurred, but at ~0.7–1.0 

pH units lower. In each case, high concentrations of P were extracted until the equivalent 

concentration of acid-soluble P was depleted. 

Further investigation focussed on three of the soils: two containing moderate 

concentrations of P (total P 800 mg kg–1) and a third high P soil (total P 8900 mg kg–1). 

When the pH was either maintained at the initial level (~pH 8), or lowered to and held at 

pH 6.5 or 5.5, more P was released at each lower pH value. As the target pH was 

established under this controlled pH regime, the concentrations of P extracted with AEM 

were similar to the concentrations removed at the equivalent pH during the incremental 

acidification. After the target pH was established, the concentrations extracted were 

maintained until the equivalent concentrations of acid-soluble P were again depleted. 

However, the co-removal of P and Ca from solution, using a combination of anion and 

cation exchange membranes (ACEM), released approximately twice as much P from each 

soil in the initial two to three extractions compared to the AEM alone. While acid-soluble 

P remained in the soils, greater concentrations of P were extracted with the ACEM as the 

pH 6.5 and pH 5.5 targets were established than with the AEM. In contrast, previous 

investigations involving repeated extractions, but without manipulating pH, have found 

diminishing concentrations of P with increasing extraction time. Since plant roots take up 

both P and Ca, and can acidify the rhizosphere, the results support the hypothesis that 

plants may directly access the acid-soluble P fraction. 
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Bulk P K-edge X-ray absorption near edge structure (XANES) spectroscopy identified 

that CaP mineral phases and sorbed P phases contributed to the P extracted from the three 

soils. The mineral phases identified were apatite in each soil, along with the more soluble 

brushite in two moderate-P soils and octacalcium phosphate in the high-P soil. 

Acidification to pH 6.5, with AEM in the moderate P soils and ACEM in the high P soil, 

depleted the more soluble CaP minerals. Further acidification to pH 5.5 also depleted 

apatite. Smectite-sorbed P, identified in each soil, was depleted with P extraction at each 

pH level. Depletion of P revealed the likely presence of more sorbed phases than were 

identified in the untreated samples of two of the three soils, indicating sorbed pools with 

differing solubility. 

Equilibration of P at increasingly acidic pH levels over 10 days resulted in dissolution of 

CaP minerals and the repartitioning of P to sorbed phases as well as some possible re-

precipitation. Subsequent extraction of the equilibrated sediments in bicarbonate 

solubilised a lower proportion of acid soluble P than was recovered by the incremental 

extractions. Whereas in the moderate P soils XANES indicated that approximately 160 mg 

kg–1 was repartitioned to sorbed phases in the sample of one soil equilibrated at pH 5.1 

and the second soil at pH 4.4, only 64 and 45 mg kg–1 was in solution or extractable with 

bicarbonate from the residual sediments, respectively. At pH 5.5 and pH 3.8 in the high-P 

soil, XANES indicated a decrease in P of 185 and 1170 mg kg–1 from CaP minerals, 

respectively, of which approximately 40 and 390 mg kg–1 were in solution or extractable. 

The extraction of lower proportions suggest that a repartitioning of P by gross soil 

acidification may result in a less efficient mobilisation of acid-soluble P for plant uptake 

compared to the slower, incremental release. 

The findings suggest that the depletion of acid-soluble P previously observed in 

agricultural systems on Vertosols may be driven, at least in part, by modification of the 



 

x 

soil conditions. The increased release of P near pH 6 suggests that P testing in alkaline 

soils should incorporate a measure of acid soluble P buffered at approximately pH 6, 

together with a measure of pH buffer capacity. A more detailed understanding of the 

nature of P reserves, and the influence of pH buffer capacity on the solubilisation of the 

reserves, is a likely avenue to allow better selection of varieties and management of P 

fertiliser. 
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