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Abstract. Recent studies report low and variable phosphorus (P) fertiliser use efficiency (PUE) for cotton in the northern
grains region (NGR) of eastern Australia. This may be due to cotton accessing P pools that are not currently tested for in
the subsoil (10–30 cm) or variation in response to P source and placement strategy. Two glasshouse studies were used to
investigate this, incorporating two soil P tests to assess readily and slowly available P pools (Colwell, and a dilute acid
colloquially referred to as the BSES extractant), and five different P fertiliser placement strategies in the subsoil. Eighteen
Vertosols were collected across southern to central Queensland in the NGR, and then used to grow faba bean (Vicia
faba L.) and cotton (Gossypium hirsutum L.) sequentially in the same 28-L pot. Readily available P pools assessed by
Colwell-P were of major importance for faba bean and cotton dry matter, as well as for tissue P concentrations. Cotton was
less responsive to extractable subsoil P concentrations than faba bean, suggesting either greater internal PUE or improved
ability to accumulate P under conditions of limited availability. We recommend that subsoil P fertilisation should occur
before sowing faba bean to maximise PUE in a cotton–faba bean rotation. Faba bean and cotton both recovered more P
when the subsoil was fertilised, but no individual P fertiliser placement strategy was superior. Phosphorus extracted using
the BSES method was not correlated with faba bean or cotton dry matter or tissue P concentration over the single crop
cycle. We also recommend that Colwell-P be measured in the topsoil and subsoil to understand the quantity of plant-
available P in Vertosols of the NGR, and that further research is needed to describe the resupply of the readily available P
pool from slowly available P pools during a single crop cycle.
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Introduction

The farming systems of the northern grains region (NGR) of
eastern Australia have historically received minimal phosphorus
(P) fertilisation due to the high initial fertility of Vertosols,
which are the dominant soil type used for cropping in the NGR
(Hubble 1984). Over the past 30 years, P fertiliser use has
increased 6-fold, due to the perceived decline in soil fertility in
the NGR (Dorahy 2002; Rochester 2007). However, when P is
applied in cotton systems, P fertiliser use efficiencies (PUE; the
proportion of applied P recovered in biomass) (0–67%) have
been unpredictable, and few studies have investigated why
this is so (Dorahy et al. 2004). Consequently, some growers
apply P fertiliser based on estimated crop P removal (~20 kg P/
ha), rather than assessing the quantity of plant-available soil P
(Dorahy et al. 2004; Rochester 2007).

The Colwell (1963) bicarbonate method is the main soil P
test used to predict plant-available P in the NGR (Dorahy et al.
2004). Recent studies have suggested that soil sampling depth,
fallow length, andmycorrhizal activity may result in an under- or
over-estimation of plant-available P using the Colwell extractant
(Dorahy2002;Lester et al. 2008;Wang et al. 2007). Soil testing is
usually carried out in the topsoil layer (0–10 cm), or in the mixed
layer (0–30 cm) taken from the apex of irrigated cotton beds
(Dorahy et al. 2004). However, subsoil moisture and the
consequent exploitation of nutrients not routinely measured at
depth may influence crop yield in the NGR, especially in zero-till
dryland production systems. These deeper layers, particularly
10–30 cm, can supply a substantial amount of P for plant uptake
(Wang et al. 2007). The overestimation of plant-available P in the
topsoil is further exacerbated through the enrichment of the
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topsoil layer, caused by nutrient stratification from the subsoil to
the topsoil by crops, and fertiliser application to the topsoil (Ma
et al. 2009; Wang et al. 2009).

Vertosols contain large amounts of inorganic P, predominantly
calcium (Ca) phosphates, which can be slowly released to the soil
solution by dissolution (Pundarikakshudu 1989; Wang et al.
2007). A large proportion of this pool can be dissolved with
dilute acids (e.g. the 0.005M sulfuric acid method, known as the
BSES extractant; Kerr and von Stieglitz 1938; Truog 1930), and
thisBSES-P is related toPextractedusing1 MHCl (data presented
in Table 1). Predicting the amount of P this pool releases to
the soil solution and the rate of supply is difficult. Wang et al.
(2007) found a 50% decrease in the 1 M HCl soluble P pool
(Hedley et al. 1982) over 18 crop cycles in one Vertosol from the
NGR. Cotton, which has a large surface area for P absorption
through arbuscular mycorrhizae (AM) symbiosis, may be ideally
suited to take advantage of slowly available P dissolution (Wang
et al. 2008).

Grain legumes are oftengrownas a rotational cropwith cotton,
and can provide a disease break and act as both a ‘cash’ crop and a
way of improving soil nitrogen (N) levels before cotton planting
(Bolland et al. 1999; Rochester 2007). Faba bean has been
identified as a promising grain legume on the neutral to
alkaline soils of the Western Australian grain belts, and is
increasingly being used in the NGR (Bolland et al. 2000).
However, the P requirements of faba bean have received little
attention in the NGR. Current P fertiliser recommendations for
faba bean are based on field trial studies from South Australia,
where Colwell-P concentrations (critical Colwell-P of 26mg P/
kg)weremeasured in the topsoil (0–10 cm) layer fromavariety of
soil types (Reuter et al. 1995). Here, we investigate the
importance of subsoil P pools for two agriculturally important
crops in the NGR. The aims of this study were: (1) to understand
the availability of subsoil P pools for faba bean and cotton under
topsoil moisture-limiting conditions; and (2) to investigate the

optimum P fertiliser placement strategy in the subsoil to improve
PUE for faba bean and cotton under limited moisture in the
topsoil.

Material and methods
Soil collection and sample preparation

Vertosols (Isbell 2002) were collected at 18 locations from
southern and central Queensland in the NGR, and the
collection included seven soils with a Colwell-P concentration
of �6mg P/kg before soil collection and preparation. The 18
soils included a wide variety of Vertosol suborders (Black,
Brown, and Grey). Chemical and physical properties are
shown in Table 1.

Site location and sampling depth (0–10 cm and/or
10–30 cm) were determined using preliminary soil P data
from a pilot study investigating the available soil P status of
the NGR. All but one of the soils were collected 12 months
before use in the pot trials from fields that had recently grown
cereal or legume crops, and were dried slowly. Soil 18 was
collected 36 months earlier and stored in drums before use.
Approximately 2000 kg of soil was collected from each
location–soil depth, dried, and homogenised using a
laboratory jaw crusher to produce an average aggregate size
of 6mm diameter. A subsample was collected at the time of
potting up and ground using a rotary grinder to <2mm for
subsequent analysis. These soils were used as subsoils for the
glasshouse studies. An additional Vertosol with a history of
cotton and wheat production was sourced from Wee Waa,
New South Wales. At this site, ~1000 kg of soil (0–30 cm)
was collected, dried, and crushed using a Vickers Ruwolt
rock crusher to <5mm for subsequent plant growth. The
Colwell-P and BSES-P concentrations of this soil were 25
and 185mg P/kg, respectively, and the pH (1 : 5 soil : H2O) was
8.7. This soil was used as topsoil in the experiments.

Table 1. Chemical and physical properties of the Vertosols used in this study
Letters in parentheses identify the soils used in the placement experiment. EC, Electrical conductivity; ECEC, effective cation exchange capacity

Soil Depth pHw EC Organic C Colwell-P BSES-P HCl-P Ca Mg Na K ECEC Clay
(cm) (dS/m) (%) (mg/kg) (cmol(+)/kg) (%)

1 0–10 8.2 0.1 1.3 44 109 206 36.4 12.1 0.6 1.1 50.3 63
2 10–30 8.6 0.2 1.0 16 96 149 34.3 14.2 2.2 0.8 51.5 66
3 10–30 8.0 0.1 0.9 7 97 131 63.0 20.2 0.1 0.8 84.1 79
4 0–10 8.5 0.2 2.7 50 123 496 45.4 17.5 0.9 1.7 65.6 70
5 10–30 8.9 0.2 2.6 17 94 381 36.6 20.0 2.0 1.1 59.6 73
6 10–30 8.3 0.1 1.1 6 336 420 72.8 13.0 0.1 1.1 87.0 82
7 10–30 8.5 0.1 1.6 5 493 551 77.7 19.3 0.3 1.0 98.3 82
8 (A) 10–30 8.4 0.1 1.4 8 23 92 20.8 12.0 1.7 0.3 34.8 46
9 (B) 0–10 7.0 0.0 0.7 2 9 10 1.9 0.7 0.0 0.6 3.2 8
10 10–30 8.9 0.2 1.1 7 671 906 43.5 21.4 5.5 1.4 71.8 75
11 (C) 10–30 8.6 0.2 0.9 4 20 25 19.0 6.1 1.9 0.6 27.6 41
12 0–10 7.2 0.1 1.0 25 34 52 19.4 14.6 1.1 0.8 35.8 51
13 10–30 7.5 0.1 0.8 6 19 16 19.4 14.6 1.7 0.5 36.3 53
14 0–10 8.7 0.1 0.7 13 62 42 29.9 4.6 1.2 1.7 37.4 55
15 10–30 8.6 0.3 0.5 3 20 148 27.3 6.9 2.7 1.3 38.3 55
16 0–10 7.7 0.0 1.0 10 32 19 49.6 19.5 0.1 1.4 70.6 78
17 10–30 7.5 0.0 0.9 4 27 8 52.3 19.5 0.1 0.7 72.6 78
18 0–10 8.4 0.2 1.8 88 714 1070 38.1 24.6 0.8 1.6 65.1 40
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Experimental design

Phosphorus response

To investigate the response of faba bean and cotton to subsoil
P fertility, a glasshouse experiment using the 18 soils was
conducted at the University of New England (UNE),
Armidale, NSW. Treatments consisted of two P levels (0 and
40mg P/kg applied as KH2PO4) in the subsoils (23 kg of subsoil
in columns 70 cm tall), with three replicates in a randomised
block design. The 18 soils received basal nutrients in powder
form, and these were combined with the added P (where
appropriate) and mixed thoroughly through the soil using a
cement mixer. Basal nutrients included: potassium (K) as
KNO3 (combined with KH2PO4 for +P treatments) to supply
200mg K/kg soil; N as NH4NO3 and KNO3 (in +P treatments)
to supply 200mg N/kg soil; and sulfur (S) as CaSO4.2H2O to
supply 37.5mg S/kg soil. Faba bean was planted in May 2011
and was harvested 90 days later. The pots were then allowed to
pass through a wetting and drying cycle. Basal nutrients were
reapplied to the subsoil through the irrigation system, and
cotton was planted on December 2011 and was harvested
60 days later.

Phosphorus placement

In a second glasshouse experiment, a subset of three soils was
used to investigate P fertiliser placement and PUE (Table 1).
Treatments consisted of two P levels (0 and 40mg P/kg) at five
different placement locations in the subsoil (Fig. 1), with three
replicates in a randomised block design. Placement strategies for
the added 40mg P/kg soil were: (i) P mixed throughout the 23 kg
of subsoil (100%soil volume); (ii) P placed in a single band15 cm
below the soil surface (<1%); (iii) P split equally between two
bands (i.e. 20mg P/kg in each band) placed 15 and 25 cm below
the soil surface (<1%); (vi) P mixed in 0.58 kg of subsoil and
distributed as a P-rich layer 15 cm below the soil surface (2.5%);
and (v) P split between two ‘layers’ of 0.58 kg of subsoil (i.e.
20mg P/kg in each) and placed 15 and 25 cm below the soil
surface (5%). The 0 P treatment was used as a control for both
glasshouse experiments, and basal nutrients were applied as
described above.

Pot and irrigation design

In the NGR, soil P tests are usually conducted in the topsoil
wheremoisturemay become limiting for extended periods during
the growing season, requiring plants to access moisture and
nutrients from the subsoil. This environment was simulated
using a unique pot and subsoil irrigation system (Fig. 1). A
22.5-cm-diameter polyvinyl chloride tube was cut into 70-cm
lengths, and a galvanised iron plate was attached to the base. A
subsoil irrigation systemwas installed using 13-mmpolyethylene
pipe situated down the side of the pot, and two perpendicularly
joined dripper tubes (Landline 8; Netafim Australia Pty Ltd,
Laverton North, Vic.) of diameter 0.4 cm, dripper spacing
15 cm, with three drippers per ring, and a maximum flow rate
per dripper of 8.19 L/h, forming two rings in the subsoil layer. The
13-mm pipe protruded down the outside of the pot to a 25-mm
main irrigation line situated at the base of the pot and connected to
the tap. This distributed the water evenly to each pot. Rainwater
containing negligible amounts of P, K, and S was used for
irrigation. At the start of the irrigation system, a root inhibitor
(Tech filter, Netafim) containing minute traces of trifluralin was
used to minimise dripper blockages without affecting the bulk
soil. The pots were then partitioned into four sections (Fig. 1),
including: (i) a 10-cm layer of vermiculite to minimise water
logging; (ii) a 23-kg subsoil layer containing the experimental
treatments and subsoil irrigation; (iii) a 5-cm pebble layer (0.5 cm
diameter) to prevent water movement from the subsoil to the
topsoil; and (iv) a 5-cm topsoil layer for plant establishment. A
fertiliser band of NH4H2PO4 containing 6mg P/kg was placed
3 cm below the topsoil surface to mimic field planting conditions
and set crop yield potential.

Agronomy and harvest

Faba bean was chosen as the initial crop in the sequence to:
investigate the ability of faba bean to take up subsoil P; simulate
common legume–cotton rotations in the NGR; and ensure the
presence of AM for cotton production (Rochester 2007;
Thompson 1987). Four faba bean seedlings that had been
germinated in a growth cabinet at 238C for 4 days were
planted into the topsoil layer 2 cm below the soil surface.
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Fig. 1. Illustration of the irrigation system, and phosphorus fertiliser placement used in second glasshouse study.
The Control and 100% Subsoil P diagrams represent the fertiliser placement in the first glasshouse study.
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Water was added manually to the topsoil to prevent the
seedlings from drying out and ensure good establishment. The
two smallest seedlings were removed after 4 weeks when
manual watering was ceased to allow the topsoil to dry out.
From that point, only subsoil irrigation was used to maintain soil
moisture between field capacity (FC) and permanent wilting
point (PWP). The pebble layer prevented water movement
from the subsoil to the topsoil, which could be seen to crack
on drying. Glasshouse temperatures were maintained at 22/158C
(day/night).

Basal nutrients were re-applied through the irrigation water
before sowingcotton.These includeddissolvedKandSasK2SO4

(to supply 200mg K and 37.5mg S/kg), and N as NH4NO3 (to
supply 200mg N/kg).

Six cotton seedlings that had been germinated in a growth
cabinet at 238C for 4 days were planted into the topsoil layer
2 cm below the soil surface. Water was added manually to the
topsoil to prevent the seedlings from drying out and ensure good
establishment. The four smallest cotton seedlings were removed
4 weeks after plant establishment when manual watering was
ceased to allow the topsoil to dry out. The cotton was irrigated
as for the faba beans. The glasshouse temperaturewasmaintained
at 30/208C (day/night).

Faba bean and cotton plant shoots were harvested during
early pod- and boll-fill, respectively, and dried in an oven at
608C for 7 days. After drying, plant samples were weighed to
determine drymatter (DM), then groundusing a rotor cross beater
grinder (Retsch, Haan, Germany) to pass through a 1-mm sieve,
and homogenised before elemental analysis using sealed
chamber digestion (SCD) (faba bean) and portable X-ray
fluorescence (PXRF) (cotton). The DM and tissue P
concentration were reported separately to determine whether
tissue P concentrations were correlated with DM, and also to
minimise the impact of errors in DM estimation due to variability
in radiation intensity across the glasshouse. The DM was
multiplied by the plant tissue P concentration to assess the
differences between cotton and faba bean to utilise soil P (see
Eqn 2 in Statistical analyses).

Soil and plant analysis

Soil

All chemical and physical properties of the soils used in this
study were carried out on soil samples obtained from the pilot
study. Soils used in this study were collected at the same location
as the soils used in the pilot study, using geo-references. Soil
analyses included pH (method 4A1), electrical conductivity
(EC) (method 3A1), total organic carbon (C) (method 6B3),
Colwell-P (method 9B1), BSES-P (method 9G1), and effective
cation exchange capacity (ECEC) (method15A1) as described by
Rayment andLyons (2011). The quantity ofHCl-Pwasmeasured
as described by Guppy et al. (2000); and clay was measured as
cited by Thorburn and Shaw (1987).

Plant phosphorus

Faba bean material was digested according to Anderson and
Henderson (1986) and subsequently analysed via inductively
coupled plasma-optical emission spectroscopy.

A Bruker Tracer III-V PXRF with associated software
(Bruker X-rayOps, S1PXRF 3.8.30 and Spectra 7.2.1.1)
(Bruker Biosciences Corp., Billerica, MA, USA) was used to
determine total plant P concentrations for all cotton plant
samples according to McLaren et al. (2012). Briefly, 1.0 g of
each sample was weighed into 5-mL cylindrical polyethylene
containers. The containers were then sealed with a 7.6 cm by
4.0 cm rectangular sheet of 1.5-mm Mylar® X-ray polyethylene
film and secured with a 2 cm rubber band. Each sample was
scanned for 120 s in triplicate at 15 keV and 33mA using helium
gas and a vacuum. Each replicate scan was repositioned slightly
on the PXRF window to obtain a better representation of the
bulk sample.

Statistical analyses

All statistical modelling and regression analyses were conducted
using R 2.10.1 (R Development Core Team 2005), except for
the placement trial, which used an analysis of variance (ANOVA)
carried out using JMP software (SAS Institute 2012). The
ANOVA was conducted to separate means between 0 and P
(including placement) treatments for faba bean and cotton DM,
and tissue P concentration (at P = 0.05). The blocking factor was
significant andwas retained in themodel. Normality and variance
homogeneity assumptions of the ANOVA model used were met
and significant differences between means were determined
using Student’s test.

A Michaelis–Menten non-linear regression was used to
model the relationship between faba bean DM and tissue P
concentration. This model was chosen as the best fit from
several non-linear regression types based on visual inspection.
A simple linear regression was used to model cotton DM and
tissue P concentration, and relative faba bean and cotton Puptake.
A simple linear regression was chosen as the ‘best fit’ from
several linear and non-linear models. The regression was used as
an approximate indication of the relationship between cotton
DM and tissue P concentration v. initial Colwell-P, as the model
assumptions were not valid due to non-normally distributed
residuals. Cotton DM, tissue P concentration, and P uptake v.
initial BSES-P were also examined, but no suitable model was
found to fit the data (data not shown). Equations describing the
Michaelis–Menten non-linear model (Eqn 1) and relative P
uptake (Eqn 2) are as follows:

y ¼ ax=ðbþ xÞ ð1Þ
where y is faba bean DM (g) or tissue P concentration (%), and x
is initial Colwell-P (mg/kg);

y ¼ ða� bÞ � 100 ð2Þ
where y is relative P uptake (%), a is mean P uptake from nil P
treatments (mg/kg), and b is mean P uptake from added P
treatments (mg/kg).

Results

Faba bean

There was a curvilinear relationship between initial Colwell-P
concentration and faba bean DM and P concentration using a
Michaelis–Menten non-linear regression (Fig. 2). There were
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insufficient sites with high Colwell-P concentrations (>25mg P/
kg) to establish an asymptote. There was no relationship
between faba bean DM or tissue P concentration and initial
BSES-P (data not shown).

Cotton

There was a linear relationship between initial Colwell-P and
cotton DM and initial Colwell-P and tissue P concentration
(Fig. 3). There were insufficient sites with high Colwell-P
concentrations (>25mg P/kg) to establish any curvature or
asymptote. There was no relationship between cotton DM or
tissue P concentration and initial BSES-P (mg/kg). There was a
strong correlation between relative faba bean P uptake and
relative cotton P uptake (Fig. 4).

Phosphorus fertiliser placement

Generally, faba beanDM and tissue P concentration significantly
increased for most of the P fertiliser placements compared with
the control for all soils, although tissue P concentration in soil A
was an exception (Table 2). Therewas no one fertiliser placement
among the placement strategies tested that was superior in terms
of increasing faba bean DM and tissue P concentration across all
soils. Accumulation of P in faba bean was more responsive to
applied P than in cotton (Fig. 5). The large soil P enrichment
treatment (mixed)was not as effective in supplying P to faba bean
as the more concentrated P fertiliser treatments (banded and
mixed) when Colwell-P concentrations were low (2 and 4mg
P/kg) (Fig. 5a). However, in the soil whereColwell-Pwas highest
(soil A, 8mg P/kg) the large-volume P enrichment was able to
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provide sufficient P for faba bean such that P uptake was
equivalent for all P fertiliser placement strategies.

Cotton DM did not significantly increase at any P fertiliser
placement (P > 0.05) for any soils tested (Table 2). However,
there were significant increases in cotton tissue P concentration
for two of the three soils used, with soil A again the exception
(Table 2). When a significant increase in tissue P concentration
was observed, there was no one fertiliser placement among the

placement strategies that was superior at improving tissue P
concentration across all soils (Table 2 and Fig. 5b).

Generally, there was a high level of variability between
replicates for cotton, and to a lesser extent faba bean. Water
was maintained between FC and PWP for all pots, and no
wilting symptoms were observed. However, a decreasing
biomass gradient was observed from the south-eastern to
north-western corner of the glasshouse bay, which was
probably related to the orientation of the glasshouse and
incident radiation. It is likely that solar radiation was a
confounding environmental variable, not captured by the
blocking factor, increasing the variance within treatments and
reducing the precision of the experiment. The soil that was
identified as an outlier in Figs 2 and 3 was not included in the
statistical analysis because the crop was visually poor, possibly
caused by the long-term storage (>3 years) of the soil and thus
reduced biological activity (Thompson 1987).

Discussion

Faba bean and cotton response to subsoil
Colwell-phosphorus

Faba bean and cotton DM were positively related to Colwell-P
concentrations in the subsoil. The increase in DM corresponded
with tissue P concentrations for both crops; thus, subsoil P
availability affected crop DM yield. Crop access to soil P can
be significantly reduced in the topsoil layer of Vertosols as
rainfall is infrequent and high soil evaporation prevails (Wang
et al. 2009). However, these dry topsoils may not impact on
growth or yield due to reliance on stored soil moisture and
nutrients in the subsoil (Wang et al. 2009). Studies by Wang
et al. (2009) found that cotton tissue P concentrations greatly
improved when P was applied to the subsoil compared with
topsoil applications. This may compromise the ability of current
soil sampling strategies based on the topsoil layer to accurately
predict plant-available P in cotton soils, especially in rainfed
cropping systems (Wang et al. 2007, 2009).

Table 2. Cotton dry matter (DM) and tissue phosphorus concentration (P conc.) at five different subsoil fertiliser P
placement strategies

See Fig. 1 for placement diagram for treatments. Within column and crop type, means followed by the same letter are not
significantly different according to Student’s test (P> 0.05)

Treatment Soil A (8mg Colwell-P/kg) Soil B (2mg Colwell-P/kg) Soil C (4mg Colwell-P/kg)
DM (g/pot) P conc. (%) DM (g/pot) P conc. (%) DM (g/pot) P conc. (%)

Faba bean
Control 24.3a 0.30a 22.3a 0.17a 31.1a 0.16a
Mixed 31.4ab 0.39b 29.2ab 0.25ab 39.8bc 0.28b
1 band 31.8ab 0.32ab 33.6b 0.36c 40.6bc 0.33b
2 band 43.4c 0.34ab 35.7b 0.30bc 38.4bc 0.32b
1 mixed 42.2c 0.32ab 38.9b 0.28bc 36.0ab 0.31b
2 mixed 36.5bc 0.34ab 34.7b 0.32bc 42.0c 0.34b

Cotton
Control 49.0a 0.19a 49.7a 0.18a 48.7a 0.17a
Mixed 52.7a 0.23a 61.3a 0.21b 49.3a 0.24b
1 band 57.7a 0.22a 52.0a 0.23bc 59.0a 0.24b
2 band 60.7a 0.24a 48.0a 0.25c 61.0a 0.23b
1 mixed 52.3a 0.23a 48.3a 0.23bc 59.3a 0.20ab
2 mixed 63.0a 0.24a 48.3a 0.22b 60.7a 0.23b
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In this study we demonstrate the positive relationship
between subsoil Colwell-P concentrations and crop DM and
tissue P concentrations under topsoil moisture-limiting
conditions. In the field, however, the depth of soil moisture
limitations may differ from what we define as topsoil (i.e.
0–10 cm), as factors such as clay content, organic matter, and
ground cover affect soil moisture distribution and retention (Ma
et al. 2009; Wang et al. 2009). Similarly, root distribution down
the profile will vary with species and seasonal rainfall patterns.

Studies by Alston (1980) found that wheat did not benefit from
subsoil P applications when high topsoil P concentrations were
combined with adequate topsoil moisture during early growth
stages. Therefore, it may be difficult to accurately predict the
relative proportions of plant-available P from two defined layers
given theuncertainty around theavailability of topsoil P fromyear
to year (Wang et al. 2009). Nevertheless, assessing plant-
available P in cotton systems should include separate topsoil
and subsoil Colwell-P measurements, with greater emphasis on
subsoil Colwell-P concentrations under rainfed conditions or
when irrigation is limited.

Vertosol soils contain high amounts of Ca phosphates (both
native and fertiliser reaction products) (Wang et al. 2007). It is
unknown to what extent this pool may buffer or replenish the soil
solution, but the lack of correlation between faba bean or cotton P
uptake and various measures of these slow-release pools reflects
the difficulty of incorporating a large, slowly available P pool in
assessing plant-available P over short durations (Thomas and
Peaslee 1973). The BSES method is proving a useful predictor
for the form and availability of the slowly available P pool in
Vertosols (McLaren et al. 2013). However, the quantity of slowly
available P measured by the BSES extractant may not be useful
for assessing plant-available P during a single growing cycle
(McLaren et al. 2013). We suggest that monitoring the shift in
BSES-P concentrations over several crop cycles may improve
our understanding of the contribution of slowly available P for
plant uptake.

Phosphorus fertiliser placement

Plants have a variety of mechanisms that respond to soil P
limitations and/or enriched soil P zones, including: (i)
increased root surface area through AM symbiosis; (ii) soil
phosphate solubilisation through root exudation; (iii) a plant
physiological response to increase P uptake in the enriched
zone; and (iv) root proliferation in response to soil P
enrichment (Ma et al. 2009; Richardson et al. 2009; Wang
et al. 2008). It is likely that some or all of these mechanisms
were being utilised by the two crops, thus obtaining sufficient
P from either the fertiliser or the subsoil layer.

Faba bean was more responsive to applied P than cotton,
demonstrating that the most efficient use of P fertiliser would be
to apply before sowing faba beans in a cotton–faba bean rotation
(Fig. 4). At low Colwell-P concentrations (<8mg P/kg), faba
bean P uptake was higher when P fertiliser was placed in a highly
concentrated zone (i.e. layered, 5% soil P enrichment; or banded,
<5% soil P enrichment) compared with the treatment where the
whole subsoil volumewas enriched (i.e.mixed). The significance
of this is that increasing the volume of soil exposed to fertiliser P
may not significantly increase the amount of P fertiliser taken up
by this crop species.

Cotton is well adapted to low soil-P environments, and can
obtain sufficient P from the bulk soil at relatively low Colwell-P
concentrations (Dorahy et al. 2004, 2008). The lack of difference
between soil P enrichment treatments and cotton P uptake
demonstrates that cotton can obtain sufficient P from the bulk
soil regardless of P-fertiliser application strategy but also
responds to small changes in solution P concentration very
efficiently, as evidenced by similar responses from all

150

100

50

0

0

150

100

50

0 2 4 6 8 10 12 14

Initial colwell-P (mg/kg)

Fa
ba

 b
ea

n 
P

 u
pt

ak
e 

(m
g 

P
/p

ot
)

C
ot

to
n 

P
 u

pt
ak

e 
(m

g 
P

/p
ot

)

(a)

(b)

Banded Layered Mixed Control

Fig. 5. Faba bean and cotton P uptake at four different soil P enrichment
levels and three different Colwell-P concentrations. Phosphorus uptake was
calculated by multiplying crop DM by tissue P concentrations. Fertiliser
treatments were: Banded, average of the single and dual band treatments;
Layered, average of the single and dual layer treatments; Mixed, mixed
treatment; and Control. See Fig. 1 for placement diagram. Standard error
bars are displayed for each soil.
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placement strategies irrespective of initial Colwell-P status,
possibly due to the root–AM complex (Wang et al. 2008). The
dependence of cotton on mycorrhizal symbiosis for P uptake is
known to increase as the P fertility of the soil decreases (Pugh
et al. 1981). This becomes important when available P levels
fall below 20mg/kg (Olsen-P) and compensatory reliance on
mycorrhizal infection is considerable (Price et al. 1989). Our
study supports Dorahy et al. (2004), who found that cotton
was largely unresponsive to applied P above Colwell-P
concentrations of 6mg P/kg. However, it should be noted the
lack of cotton response to applied P was measured using banded
P applications, and the results from the current study suggest
that cotton roots do not respond readily to banded applications.
Consequently, it is possible that strong treatment differences
were not observed in the current study because of adequate
Colwell-P concentrations (~6mg P/kg) in the subsoil layer. It
is also likely that soil Colwell-P concentrations increased
following soil collection and preparation and after the faba
bean crop caused by: (i) the release of P from mineralised
organic sources induced by soil drying (Sparling et al. 1985);
and (ii) the excretion of organic anions from the faba bean crop
mobilising P in the rhizosphere, and the subsequent release of
P from decomposing roots (Pierret et al. 1999; Hinsinger et al.
2009).

Increases in cotton tissue P concentrations in two of the
three soils demonstrate increased cotton P uptake with subsoil
P fertilisation. Previous studies (Dorahy et al. 2008) have found
that cotton P uptake was primarily sourced from outside the
fertiliser band, which suggests that maintaining labile P reserves
throughout the crop root-zone will be important to supplying
adequate P to the crop. However, our results suggest that those
reserves need not be high for cotton. Even at low Colwell-P
concentrations in the subsoil, cotton was able to acquire most of
its P from the bulk soil, with applied P fertiliser increasing P
uptake by ~40%. In contrast, faba bean was not efficient at
extracting P from subsoils with low available P, as P uptake
from applied fertiliser increased from~80%of plant P at Colwell-
P of 8mg P/kg to 170% at Colwell-P of 2mg P/kg. It may be
concluded that faba bean, compared with cotton, has a higher
threshold solution P concentration below which it cannot access
P efficiently (Fig. 5). A difference in threshold P concentrations
may account for the lower P uptake of faba bean where P was
mixed throughout the profile, as solution P concentrations may
not have been raised high enough in the low Colwell-P soil to
pass this threshold (Fig. 5).

The response by cotton to applied P fertiliser was small and
often statistically non-significant. Part of the reason for this may
have been the differences in radiation across the glasshouse
and the impracticability of regular re-randomisation of large
pots within treatment blocks in this experiment. However,
with cotton following after the initial faba bean crop, we were
unable to ascertain the impact of labile P that may have been
released from mineralised organic sources induced by soil
wetting and drying, faba bean excretion of organic anions
mobilising P in the rhizosphere, and the subsequent release of
P from decomposing roots, and these aspects need further
investigation (Sparling et al. 1985; Pierret et al. 1999;
Hinsinger et al. 2009). Despite this, the lack of P response by
cotton in soil A was consistent with the reports by Dorahy et al.

(2004), and it suggests that the Colwell-P in this subsoil would
only have been marginal at worst for cotton growth and yield.

Conclusion

Few studies have investigated subsoil P pools and their
availability for plant uptake in the Vertosols of the NGR. This
study demonstrates the importance of measuring Colwell-P in
the subsoil, and that it is positively related to faba bean and cotton
DM and tissue P concentrations. Faba bean response to applied P
was greater than cotton, and no one P fertiliser placement strategy
was superior for both crops. In lowColwell-P environments, high
P-concentration fertiliser application strategies (bands) improved
faba bean P uptake compared with treating a large volume of soil
with P fertiliser.

A limitation to this study was the high proportion of Vertosols
containing high BSES-Ca/P ratios (>74 : 1), suggesting that the
slowly available P pool would not be influential in buffering or
replenishing the soil solution (McLaren et al. 2013). Further
research is needed to understand the importance of slowly
available P pools over several cropping cycles in the Vertosols
of the NGR.
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